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INTRODUCTION 
The accurate processing of the genetic code is essential to all forms of life. All living 
cells must synthesize proteins from their respective genes with a high degree of accuracy 
maintained in the transmission of information from the gene to the finished protein product. 
The genetic information in DNA is transferred to a series of base triplets (codons) in 
messenger RNA. The complementary base triplets (anticodons) of transfer RNA whose 3'-
end has a specific amino acid attached to it specifically read these codons of messenger 
RNA. This amino acid is incorporated into a growing polypeptide chain and eventually 
becomes part of the finished protein product. 
The correct aminoacylation of transfer RNA with its cognate amino acid is essential 
to the accuracy of protein synthesis. After an amino acid is attached to the 3'-end of a tRNA 
by an aminoacyl-tRNA synthetase, there are no other discriminatory mechanisms present at 
later steps in protein synthesis ensuring the correct amino acid is attached to the correct 
tRNA (Benzer and Champe, 1962). The accuracy of aminoacylation is achieved by the 
specific recognition of both cognate amino acid and tRNA by an aminoacyl-tRNA 
synthetase. Amino acids are small molecules with limited distinctive structural variation. In 
fact, some are so similar that aminoacyl-tRNA synthetases have difficulty in discriminating 
between their cognate amino acid and structurally similar amino acids, and often misactivate 
the amino acid and aminoacylate their tRNA substrates with the incorrect amino acid. 
Aminoacyl-tRNA synthetases catalyze translational editing reactions to correct errors in 
aminoacylation. In this study, structure-fiinction relationships of E. coU tRNA^^' are 
examined in aminoacylation and in translational editing. This study also investigates the 
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functional groups of the universally conserved 3'-terminal adenosine of tRNA^"' required for 
aminoacyiation and transiational editing. 
Structure and Functions of Transfer RNA 
General Structure of Transfer RNA 
Transfer RNAs share several common features in their tertiary structures. In 1974, 
the 2.5 A resolution X-ray crystal structure of yeast tRNA*^^ was solved (Figure 1 A; Kim et 
al., 1974; Robertus et al., 1974). Since that time, the crystal structures of several tRNAs 
have been investigated. However, the structure of yeast tRNA^''"' is considered as the 
prototype of an elongator tRNA. 
Almost all known tRNAs can also be arranged in the so-called cloverleaf secondary 
structure (Figure 1B; Holley et al., 1965). Some common secondary structure characteristics 
include; a 7-base pair amino acid accepting stem, a 3- or 4-base pair D-stem, a 5-base pair T-
stem, and a 5-base pair anticodon stem. The D-stem, T-stem, and anticodon stems each end 
in a loop: the D-loop, the T-loop, and the anticodon loop. The variable loop of tRNAs may 
have a stem consisting of up to 7-base pairs. The acceptor stem contains the 5' and 3' termini 
of the iRNA. The 5'-terminus is marked by a 5'-terminal phosphate group, and the 3'-
terminus has a single stranded region consisting of a 3'-NCCA sequence. 
The primary sequence of most tRNAs is made up of 76 nucleotides. However, the 
tRNAs can vary in length from 72 to 95 nucleotides. The difference in RNA chain length is 
largely due to additional nucleotides in the variable loop and the D-loop. The variable loop 
can be made up of 3 to 21 nucleotides, and the D-loop also varies in length from 7 to 9 
Figure I. General structure of Iransfer RNA. (A) L-shaped tertiary structure of yeast tRNA''", The tRNA structure was 
generated from RasMol (R, Sayle) based on the structure of yeast tRNA''""; Brookhaven Databank code Itra. 
(B) Cloverleaf secondary structure of transfer RNA. invariant and semivariant nucleotides are indicated by the 
nucleotide symbols, Y for pyrimidine, R for purine, or H for highly modified purine. Tertiary interactions are 
represented by solid lines. 
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nucleotides. There are 15 invariant nucleotides (that always contain the same base) and 8 
semivariant nucleotides (that are only a purine or only a pyrimidine) (Figure 1B). Most of 
the conserved nucleotides are found in the loop regions. Transfer RNAs also have a 
universally conserved 3'-CCA end where the 3'-tenninal A is the site of amino acid 
attachment. Finally, transfer RNAs have several modified bases. In fact, up to 25 percent of 
the nucleotides in tRNAs are posttranscriptionally modified (reviewed in Bjork, 1995). 
About eighty modified bases have been discovered at more than sixty positions in tRNA. 
However, none of these modified bases are necessary for maintaining the structure of tRNA. 
In solution, the tRNA molecule assumes an L-shaped conformation (Figure I A). This 
shape is the result of the further folding of the cloverleaf structure so that the acceptor stem 
stacks onto the T-arm and the D-arm stacks onto the anticodon arm. Both stacking 
interactions form continuous helices that are approximately perpendicular to each other. This 
also places the 3'-CCA end and the anticodon at the two ends of the L-shaped molecule, 
approximately 76 A apart. A complex network of tertiary interactions holds the tRNA 
molecule together in its L-shaped structure. There are a total of nine tertiary interactions that 
cross link its tertiary structure. The tertiary interactions at positions 8-14, 18-55, 19-56, and 
54-58 are formed by conserved nucleotides (Figure IB; Dirheimer, G. et al., 1995). The 
other five tertiary interactions at positions 15-58, 13-22-46, 9-23-12, 45-10-25, and 24-44 
involve semiconserved nucleotides (Figure IB; Dirheimer, G. e! al., 1995). Since most of 
the nucleotides involved in these interactions are either conserved or semiconserved, this 
suggests that all tRNAs have similar conformations. 
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Function of Transfer RNA 
Transfer RNA plays an important part in mediating the transfer of genetic information 
from messenger RNA to protein during translation. Before participating in the translation 
process, transfer RNAs are aminoacylated with a specific or cognate amino acid by 
aminoacyl-tRNA synthetases (AARS). The enzyme catalyzes two successive reactions to 
form aminoacyl-tRNA. 
Amino Acid + ATP -» ^ AARS(Aminoacyl-AMP) + PR, 
AARS(Aminoacyl-AMP) tRNA -• ^ Aminoacyl-tRNA + AMP 
[n the first reaction, the synthetase activates its cognate amino acid forming an aminoacyl-
adenylate. In the second reaction, the activated amino acid is transferred to the 3'-terminaI 
end of a specific transfer RNA. 
Despite the similarities in the primary, secondary, and tertiary structures of tRNAs, 
the specific recognition of transfer RNAs by aminoacyl-tRNA synthetases is not a major 
problem since tRNAs are rather large molecules with a great deal of distinctive structural 
variation. Amino acids lack the distinctive structural variation of transfer RNAs. Because of 
this, aminoacyl-tRNA synthetases can misactivate and misacylate their tRNA substrates with 
noncognate amino acids. To minimize these errors, synthetases catalyzes two distinct tRNA-
dep>endent editing activities (reviewed in Jakubowski and Goldman, 1992). After an 
aminoacyl-tRNA synthetase misactivates a noncognate amino acid, the addition of transfer 
RNA triggers the hydrolysis of the misactivated adenylate in what is commonly referred to as 
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pretransfer editing. Some of the misactivated amino acid can react with tRNA to form 
misacylated tRNA. This incorrectly acyiated tRNA is deacylated by aminoacyi-tRNA 
synthetases in what is referred to as posttransfer editing. Clearly, transfer RNAs play an 
active and critical role in maintaining the accuracy of aminoacylation. 
The accuracy of aminoacylation is essential to the overall accuracy of protein 
synthesis. After aminoacylation, initiator and elongator tRNAs are brought to the ribosome 
where protein synthesis takes place. In prokaryotes, the initiator tRNA (formylmethionyl-
iRNAr'^''"') and the two ribosomal subunits (30S and 50S) assemble on a properly aligned 
messenger RNA to form a complex ready to begin chain elongation. During elongation, 
aminoacyl-tRNAs (elongator tRNAs) first combine with EF-Tu • GTP. Next, this ternary 
complex binds to the A site of the ribosome. After the peptide bond is formed between the 
carboxyl group of the growing peptide chain and the amino group of aminoacyl-tRNA, the 
resulting uncharged tRNA is transferred from the P site on the ribosome to the E site, where 
it dissociates from the ribosome. At the same time, peptidyl-tRNA is transferred from the A 
site to the P site on the ribosome, leaving the A site open for the next aminoacyl-tRNA. 
These translocation processes require the participation of elongation factor-G (EF-G). The 
conclusion of protein synthesis involves protein termination factors that recognize the 
termination codons and induce the hydrolysis of the bond between the polypeptide chain and 
tRNA. Transfer RNA plays a similar role in protein synthesis in eukaryotes. In addition to 
the role tRNA plays in the protein synthesis, it is also involved in other cellular processes 
such as: the priming of reverse transcription in RNA viruses, the production of heme and 
chlorophyll, and the regulation of amino acid biosynthesis (reviewed in Soil, 1993). 
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Role of the 3-CCA End of Transfer RNA in Aminoacvlation and Editing 
The 3-CCA end of iRNA is conserved in all tRNAs in prokaryotic and eukaryotic 
organisms. Studies on the structure of the 3'-CCA end of tRNAs, involving x-ray diffraction, 
chemical modifications, and NMR, reveal that the single stranded CCA sequence of tRNAs 
has an ordered structure that is stabilized by vertical stacking interactions with the acceptor 
stem (Sprinzl and Cramer, 1979). This ordered structure may determine the spatial 
arrangements of the 3'-terminaI adenosine and facilitate the interaction of the 3'-CCA end 
with other macromolecules, including aminoacyl-tRNA synthetases. 
A number of previous studies have been carried out to examine the role of the 3'-
CCA end of tRNA in aminoacylation and translational editing. Chemical and enzymatic 
modification of the 3'-tenninal adenosine (Best and Novelli, 1971; Tal et al., 1972; Rether e/ 
al., 1974; Von der Haar and Gaertner, 1975) or its ribose group (Uziel and Jacobson, 1974) 
results in a total loss or dramatic decrease in aminoacylation activity of the tRNA, largely 
due to a decrease in the maximal velocity of the reaction. Some of these modified tRNAs 
could also be misacylated suggesting the 3'-terminal adenosine and its ribose moiety are 
essential for translational editing of a tRNA by its cognate aminoacyl-tRNA synthetase. 
The 3'-CCA sequence of E. coli tRNA^"' has been investigated by making systematic 
mutations in the 3'-CCA end and examining the effects of these base changes on the 
aminoacylation and editing of tRNA^"' by valyl-tRNA synthetase (Liu and Horowitz, 1994; 
Tamura et al., 1994). 3'-End variants of in vitro transcribed tRNA^"' are readily 
aminoacylated. Only tRNA^"' with 3'-CCG and 3'-CGA sequences are poor substrates for 
VaIRS in aminoacylation (Liu and Horowitz, 1994). Tamura et al. (1994) carried out similar 
studies of the 3'-CCA end of tRNA^"' in aminoacylation and found comparable results. 
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Tamura et a/.( 1994) also examined the effects of systematic mutations in the 3'-CCA 
sequence of tRNA^"' on misacylation. Substitution of the 3'-tenninal adenosine with any 
other base resulted in a considerable level of threonine acceptance. In fact, up to 26 percent 
of mutant tRNAs were misacylated with threonine. tRNA^^^ with mutations at C75 and C74 
induced no significant enhancement of misacylation with threonine. 
Aminoacyl-tRNA Synthetases 
General Characteristics of Aminoacvl-tRNA Synthetases 
Although each aminoacyl-tRNA synthetase catalyzes the specific aminoacylation of 
one or more isoaccepting tRNAs with a cognate amino acid, the enzymes vary significantly 
in primary sequence, quaternary structure, and subunit size (reviewed in Carter, 1993; Amez 
and Moras, 1997). Careful comparison of the amino acid sequences and crystal structures of 
several synthetases allows grouping of aminoacyl-tRNA synthetases into two classes of 10 
members each. The members of the two classes were grouped on the basis of the structure of 
their catalytic domain (Eriani et al., 1990). The catalytic domain of class I enzymes is made 
up of alternating P-strands and a-helices in an overall Peou structure resembling the 
Rossmann nucleotide binding fold. Two conserved sequence motifs, HIGH and KMSKS, 
form part of the ATP binding site in class 1 synthetases (Brick et al., 1989; Brunie et al., 
1990). The catalytic domain of class II enzymes consists of three sequence motifs arranged 
as an eight-stranded antiparalled P-sheet with three flanking a-helices (Cusack et al., 1990; 
Ruff et al., 1991). Class II enzymes lack the HIGH and KMSKS conserved sequence motifs 
of class I enzymes. Class I synthetases are also distinct from class II synthetases in that they 
are largely monomeric where class II synthetases are mostly dimers. A functional difference 
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also exists between the two classes. Class I aminoacyl-tRNA synthetases aminoacylate the 
2'-OH of the ribose on the 3'-tenninal adenosine of their cognate tRNA, whereas, with the 
exception of PheRS, class 11 aminoacyl-tRNA synthetases aminoacylate the 3'-OH on the 3'-
terminal adenosine (Eriani et al., 1990). 
Both class I and class II synthetases can be further divided into subgroups based on 
structural and sequence comparisons (Burbaum and Schimmel, 1991; Delaure and Moras, 
1993). Class 1 synthetases can be divided into three subgroups. Strong homology between 
ValRS, IleRS, MetRS, LeuRS, and CysRS allows grouping of these synthetases into one 
subgroup. Size variations among these synthetases results from insertion of two connective 
polypeptide (CP) domains. CPl is located between the two halves of the Rossmarm fold, and 
CP2 is found between the first and second p-strands of the second half of the Rossmann fold 
(Figure 2). Another subgroup of class I synthetases consists of GInRS, GluRS, and ArgRS. 
Each of these synthetases activate their cognate amino acid only when their tRNA is bound 
to the enzyme (Ravel et al., 1965). The third subgroup of class I synthetases, made up of 
TyrRS and TrpRS, are specific for amino acids with aromatic side chains. Class II 
synthetases can also be divided into three subgroups. SerRS, ProRS, and ThrRS are grouped 
due to conserved sequences near the N-terminal end, and AspRS, AsnRS, and LysRS are in a 
subgroup with conserved sequences near their C-terminal end. Finally, AlaRS, GInRS, and 
PheRS make up the last subgroup of class II synthetases. 
Amino Acid Discrimination by Aminoacvl-tRNA Synthetases 
Aminoacyl-tRNA synthetases comprise a group of very accurate enzymes. Although 
several noncognate amino acids may be incorrectly activated by aminoacyl-tRNA 
synthetases, there are only a few examples where misactivated amino acids are transferred to 
Rossmann Nucleotide Binding Fold Anticodon Binding 
Domain 
Figure 2. Predicted secondary structure for valyl-tRNA synthetase. Arrows and rectangles designate P-sheets and a-helices, 
respectively. Adapted from Starzyk, R. M, el al. (1987), 
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tRNA (reviewed in Jakubowsid and Goldman, 1992; First, 1998). In the few instances where 
the noncognate amino acid is transferred to tRNA, misacylation is 10^ to lO^-foid less 
efficient than aminoacylation with the correct amino acid. For example, for every 
misacylation of tRNA^"' with threonine by VaIRS there are 350,000 correct acylations with 
valine (Jakubowski and Fersht, 1981). Some aminoacyl-tRNA synthetases, such as TyrRS, 
CysRS, ArgRS, AspRS, and SerRS, are able to achieve absolute accuracy in discrimination 
of cognate and noncognate amino acids from the initial recognition of the amino acid 
substrate (Fersht and Dingwall, 1979; Fersht et al., 1980). Overall, the accuracy of tRNA 
aminoacylation is greater than the overall accuracy of protein synthesis. 
Aminoacvl-tRNA Svnthetase-Catalvzed Correction of Activation Errors 
Not all aminoacyl-tRNA synthetases are able to discriminate effectively between 
cognate amino acids and structurally similar noncognate amino acids. In such cases, 
aminoacyl-tRNA synthetases use translational editing mechanisms to achieve the high degree 
of accuracy required for tRNA aminoacylation. Editing has been observed to occur through 
four distinct pathways in viiro in tRNA aminoacylation (Figure 3). In the first pathway, a 
noncognate aminoacyl-adenylate intermediate dissociates from the aminoacyl-tRNA 
synthetase (Figure 3, ki). This is followed by its hydrolysis, producing free amino acid and 
AMP. The second editing pathway involves the tRNA-independent hydrolysis of the 
noncognate aminoacyl-adenylate intermediate while it is still bound by the synthetase (Figure 
3, k2). Editing by the k3 pathway involves the tRNA-dependent hydrolysis of the enzyme 
bound noncognate aminoacyl-adenylate (pretransfer editing; Figure 3, ks). The hydrolysis of 
this noncognate aminoacyl-adenylate occurs prior to the transfer of the amino acid to tRNA. 
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AARS + AA +ATP 
AARS-AA-AMP + PP. 
AARS + AA-AMP 
AA ^ ATP 
AARS»AA»AMP 
AARS + AA + AMP 
tRNA 
AARS'AA-AMP'tRNA 
k3 / \k4 
AARS'AA-AMP'tRNA AARS-AA-tRNA + AMP 
I 1 
AARS ^ AA^ AMP + tRNA AARS*AA*tRNA 
1 
AARS + AA + tRNA 
Figure 3. Editing mechanisms during tRNA aminoacylation. The four editing mechanisms 
for the removal of noncognate aminoacyl-AMP and aminoacyl-tRNA complexes 
are represented in pathways k| through k4. (Adapted from Jakubowski and 
Goldman, 1992) 
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In the fourth editing pathway, synthetase bound aminoacyl-tRNA is deacylated after the 
misactivated amino acid is transferred to tRNA (posttransfer editing; Figure 3, k4). 
Several class 1 and class II aminoacyl-tRNA synthetases have been observed to 
catalyze these editing mechanisms. ValRS, IleRS, MetRS, and LeuRS are all members of the 
same subgroup of class I synthetases, and each enzyme catalyzes editing mechanisms. IleRS 
primarily uses editing mechanisms ki, k:, and k3 to maintain the accurate aminoacylation of 
IRNA"*' (Figure 3; Jakubowski and Fersht, 1981). IleRS misactivates valine, homocysteine, 
and cysteine and edits these activation errors through the k3, ki, and k| editing mechanisms, 
respectively. MetRS misactivates homocysteine, a precursor of methionine (Jakubowski and 
Fersht, 1981). MetRS catalyzes the correction of these activation errors in the absence of 
tRNA'^^"'', through the hydrolysis of the noncognate homocysteine-AMP intermediate (Figure 
3, ki). PheRS, AlaRS, LysRS, ThrRS, and ProRS are the only class 11 aminoacyl-tRNA 
synthetases that have thus far been shown to catalyze editing mechanisms (Tsui and Fersht, 
1981; Lin et al., 1983; Jakubowski and Goldman, 1992; Sankaranarayan et al., 2000; 
Beuning and Musier-Forsyth, 2000). 
Editing Activity of Valyl-tRNA Synthetase 
ValRS has been shown to incorrectly activate eight noncognate amino acids; 
threonine, a-aminobutyrate, cysteine, serine, alanine, homoserine, and homocysteine 
(Jakubowski, 1980; Jakubowski and Fersht, 1981). ValRS most commonly misactivates 
threonine. In fact, ValRS misactivates one threonine for every 350 to 400 valine molecules 
(Lin and Schimmel, 1996). ValRS corrects these activation errors before and after the 
transfer of threonine to tRNA^"' by pre- and posttransfer editing pathways (Figure 3, k^ and 
k4; Fersht and Kaethner, 1976). ValRS-catalyzed editing improves selectivity against some 
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other efficiently misactivated noncognate amino acids (a-aminobutyrate and cysteine). Other 
than threonine, a-aminobutyrate is the only noncognate amino acid shown to be misactivated 
by VaIRS, transferred to tRNA^^', and edited through the posttransfer editing pathway, Iq 
(Figure 3; Fersht and Dingwall, 1979; Jakubowski, 1980; Jakubowski and Fersht, 1981). 
ValRS corrects cysteine misactivation errors in the presence and absence of tRNA^"' 
(Jakubowski and Fersht, 1981). Furthermore, the degree of misactivation of homoserine, 
homocysteine, alanine, and serine by ValRS is so low that there is no need for the synthetase 
to correct these errors. In fact, the error rate of misactivation of these noncognate amino 
acids by ValRS is three times less than the overall error rate of protein synthesis (Jakubowski 
and Fersht, 1981; Jakubowski and Goldman, 1992). However, alanine and serine are still 
edited by ValRS. There is no evidence for the editing of homoserine and homocysteine. 
The structural basis for editing activities of class 1 aminoacyl-tRNA synthetases has 
been elusive. Mutational analysis of ValRS has provided evidence showing that the 
aminoacylation and editing reactions are catalyzed at distinct sites on the enzyme (Lin and 
Schimmel, 1996). More specifically, mutations in the Rossmann fold of the valine enzyme 
were found to affect the enzyme's aminoacylation activity, but did not alter the ability of 
ValRS to remove threonine rapidly and selectively from misacylated tRNA^'*'. A similar 
study with lieRS, another class I synthetase, demonstrated that it also catalyzes its 
aminoacylation and editing activities at two functionally separate sites (Schmidt and 
Schimmel, 1994). Further studies have shown that the editing site is located in the CPl 
region of ValRS (Lin ei al., 1996; Figure 2). 
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Recognition of Transfer RNA by Aminoacyi-tRNA Synthetases 
Methodology for Studying Recognition of tRNAs bv Aminoacvl-tR^fA Synthetases 
All tRNAs have similarities in their primary, secondary, and tertiary structures. 
Despite these similarities, each aminoacyl-tRNA synthetase must specifically recognize its 
cognate tRNA while discriminating against all others. Several methods have been used to 
investigate the structural elements of tRNA responsible for accurate synthetase recognition. 
Both in vitro and in vivo methods have been developed for such studies. 
The in vivo approach involves examination of the amino acid specificity of mutant 
amber suppressor tRNAs. The amino acid inserted by the suppressor tRNA at the site of 
specific amber stop codons in vivo is directly determined by protein sequencing. £". coli 
dihydrofolate reductase, containing an amber codon at position 10 of the gene, is commonly 
used as the reporter protein for these experiments. Several aminoacyl-tRNA synthetase 
recognition elements of tRNAs have been discovered using this in vivo method (Schulman, 
1991). This in vivo approach has significant limitations. This assay does not allow for the 
testing of tRNAs with wild type anticodons. 
Several in vitro methods for study of tRNA/synthetase interactions have been 
developed: nuclease digestion of synthetase/tRNA complexes, aminoacylation of dissected 
molecules, chemical modifications, photochemical crosslinking, and analysis of mutant 
tRNAs. Currently, the most common in vitro method used to investigate tRNA/synthetase 
interactions involves analysis of the function of mutant tRNAs. Variants of tRNA are easily 
produced by mutagenesis of cloned tRNA genes, and T7 RNA polymerase-catalyzed in vitro 
transcription of the tRNA (Sampson and Uhlenbeck, 1988). The tRNA transcripts produced 
do not have the modified nucleosides present in native tRNA. However, the activity of most 
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of the in vitro transcribed tRNAs, including wild-type E. coli tRNA^'*' (Chu and Horowitz, 
1989), is similar to that of the tRNA produced in vivo. The tRNA transcripts can be 
produced in large quantities for biochemical and biophysical studies. In the present study, 
the aminoacylation and editing (ATP hydrolysis) activities of in vitro transcribed tRNA^'^ 
variants were assayed to pinpoint elements of tRNA^"' responsible for ValRS recognition in 
aminoacylation and translational editing. 
Molecular Basis for Recognition of tRNAs in Aminoacylation 
The manner in which an aminoacyl-tRNA synthetase selects its tRNA substrate for 
aminoacylation has been the focus of extensive research. Generally, synthetases only 
recognize a small number of nucleotides located in various regions of the tRNA molecule 
(reviewed in Schulman, 1991; Saks et al, 1994; Pallanck et al., 1995; Giege et ai, 1998). 
In protein synthesis, the role of the anticodon in tRNAs is to decode the information 
in messenger RNA and translate the information into proteins. The anticodon specifies the 
amino acids incorporated into proteins. The uniqueness of this region in tRNA suggests it 
could act as a site of discrimination for aminoacyl-tRNA synthetases. For ail E. coli tRNAs 
except those for serine, alanine, and leucine, the synthetase recognition elements include 
some or all of the anticodon nucleotides (Saks et ai, 1994). 
Besides the anticodon, most of the recognition elements for tRNA have been found in 
the acceptor stem and discriminator base (reviewed in Pallanck et al., 1995). Alanine-, 
serine-, glutamine-, histidine-, and glycine-accepting tRNAs have been found to contain 
recognition elements in their acceptor stems. AlaRS recognition of tRNA'^" has been found 
to depend almost entirely on the G3:U70 base pair in the tRNA molecule (Hou and 
Schimmel, 1988). Further studies have revealed that AlaRS recognition of the G3:U70 base 
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pair is dependent upon an unpaired 2-amino group in G3 (Musier-Forsyth et ai, 1991). The 
G1 :C73 base pair of tRNA^"" (Himeno et al., 1989) and the C2:G71 base pair of tRNA*^'-
(Francklyn and Schimmel, 1991) are their primary recognition elements in the acceptor stem. 
Other studies have shown that the first three base pairs in tRNA*^*" (Rould et a!., 1989) and 
tRNA'^"'^ (Normanly et al., 1986) are important recognition elements for these tRNAs. 
Finally, the discriminator base is important for the recognition of 17 out of 20 E. coli tRNAs 
(reviewed in Pallanck et al., 1995). The discriminator site is not a recognition element for 
tRNA^', tRNA^^*-", and tRNA*^. 
Transfer RNA recognition elements can also be located in the variable pocket (a 
region formed by nucleotides 16, 17, 20, 59, and 60). The variable pocket has been found to 
contain recognition elements for E. coli tRNA'''"^, yeast tRNA*''"'", and E. coli tRNA^. In E. 
coli iRNA''*'''", the variable pocket nucleotides at positions 16, 17, 20, 59, and 60 are 
recognized by PheRS (Peterson and Uhlenbeck, 1992). E. coli ArgRS and yeast PheRS only 
recognize position 20 of the variable pocket (Sampson et al., 1990; McClain et al., 1990). 
Finally, other characteristics of tRNAs can contribute to aminoacyl-tRNA synthetase 
recognition in aminoacyiation. In most cases, posttranscriptionally modifications of 
nucleotides do not contribute to the recognition of tRNAs by their cognate synthetases. 
However, some synthetases require base modifications for tRNA recognition. For example, 
synthetase recognition of /:. coli tRNA"*^ and yeast tRNA'^'' and the accuracy of their 
aminoacyiation is dependent upon posttranscriptional modifications (Muramatsu et ai, 1988; 
Perret et al., 1990). Furthermore, although all tRNAs share several similarities in their 
structures, tRNA recognition can also be dependent upon structural features of the molecule 
(McClain et al., 1988; McClain et al., 1993; Liu et al., 1997; Horowitz et al., 1999). 
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iVfolecular Basis for Recognition of tRNAs in Editing 
In 1966, Baldwin and Berg demonstrated a close relationship between the 
aminoacyiation and editing activities of tRNAs. They also suggested that nucleotides needed 
for aminoacyl-tRNA synthetase recognition in aminoacyiation may also be sufficient to 
confer editing activities in the tRNA. In 1997, Hale et al. found that aminoacyl-tRNA 
synthetases could require discrete aminoacyiation and editing recognition elements for their 
cognate tRNAs. Replacing the UAC anticodon of E. coli tRNA^"' with the GAU anticodon 
of E. coli tRNA"*^ produces a substrate that is efficiently aminoacylated by IleRS but is 
inactive in triggering the editing response of the enzyme. Transplanting the D-loop of 
iRNA"" into modified tRNA^""^'^^ yields a molecule that is active in the aminoacyiation and 
editing reactions. Although the D-loop of tRNA"*"' does not have recognition elements 
required for aminoacyiation , it does contain nucleotides essential for stimulating the editing 
reaction of IleRS. 
Other studies concerning the structural elements of tRNA required for translational 
editing have involved the conserved 3'-terminal adenosine. Removal, or substitution by 
NH:—, of one of the cis hydroxyl groups of the 3'-terminal adenosine of tRNA^"' and 
iRNA''^" yields tRNA variants that do not stimulate translational editing and are misacylated 
with noncognate amino acids by ValRS and PheRS (Sprinzl and Cramer, 1979). Interactions 
between the 3'-terminal adenosine of E. coli tRNA^^ and glutaminyl-tRNA synthetase have 
also been shown to determine the affimty of the enzyme for its cognate amino acid 
(glutamine) during aminoacyiation (Liu et al., 1998). 
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Study of Recognition Elements of E. coli tRNA^** 
The elements of E. coli tRNA^®' essential for its correct recognition by VaIRS in 
aminoacylation have been extensively studied. Nucleotides (A35 and C36) of the anticodon 
of tRNA^'*' (Figure 4) have been found to be major synthetase recognition elements of the 
tRNA (Schulman and Pelka, 1988; Tamura et ai, 1991; Horowitz et al., 1999). Schulman 
and Pelka (1988) demonstrated the importance of the anticodon in tRNA^"' identity when 
they substituted the anticodon of tRNA'^®' with the anticodon of tRNA^"' (UAC). In doing 
so, they produced a tRNA'^" variant that was a substrate for VaIRS in aminoacylation, 
having 10 percent of the charging activity of wild-type tRNA^"'. However, the low charging 
activity suggested that there are other VaIRS recognition sites in tRNA^®'. Nuclease 
footprinting studies suggest that VaIRS contacts tRNA^'^ in the acceptor stem during 
aminoacylation (Horowitz et al., 1999). Mutational analysis of tRNA^"' reveals that VaIRS 
recognition of the acceptor stem is sensitive to distortions brought about by the insertion of a 
G;U non-Watson Crick base pair at or around the U4:A69 base pair of tRNA^^' (Liu et al., 
1997; Figure 4). This suggests that maintaining the regular A-type helix geometry in the 
acceptor stem is important for tRNA^"' recognition by VaIRS. The G;C content of the valine 
anticodon stem is also important for tRNA^"' identity. Increasing the G:C content of the 
valine anticodon stem of E. coli tRNA^"', by converting the U29;A41 base pair to C29:G41, 
reduces the aminoacylation efficiency of the tRNA molecule (Horowitz et al., 1999; Figure 
4). This may be due the rigidity of the anticodon stem resulting from the presence of five 
consecutive C;G base pairs. Additional recognition nucleotides in tRNA^"' have been 
identified in the discriminator base (A73), D-loop (G20), and variable loop (G45) (Horowitz 
el al., 1999; Figure 4). 
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Figure 4. Cloverleaf secondary structure of E. coli tRNA^"'. 
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EXPERIMENTAL PROCEDURES 
Materials 
Bacteria Strains and Plasmids 
E. coll TGI (K12, [lac-pro], SupE, thi, hsdD5/F'traD36, proAlB^ lad'', lacZMlS), 
obtained from Amersham Life Sciences, was used for phagemid propagation. Phagemid 
pVALl 19 is a derivative of pUCI 19, which contains a T7 promoter directly upstream from 
the tRNA^"' gene (Chu and Horowitz, 1989). Phagemid pFVALl 19 is a derivative of 
pVALl 19, which has a Fokl restriction site inserted directly downstream of the tRNA^®' 
gene (Liu and Horowitz, 1993). Methods similar to those described for tRNA^'*' were used to 
construct the phagemid, pALAl 19, containing the gene for E. coli tRNA'^" (Liu et al., 1997). 
pFPHEl 19 is a similar construct containing the gene for E. coli tRNA^""" (Horowitz ei al., 
1999). It was prepared from pUS618 containing the E. coli tRNA*^*"" gene, kindly supplied by 
Dr. O. C. Uhlenbeck (University of Colorado, Boulder). Dr. Paul Schimmel (Scripps 
Research Institute, La Jolla) kindly provided a phagemid containing the tRNA"" gene. TTiis 
phagemid is a derivative of pUCl 8, which contains a T7 promoter directly upstream of the 
tRNA"" gene and a ^5/NI restriction site directly downstream of the tRNA"" gene. The 
tRNA"'' gene differs from that of natural tRNA"*^ by having the Al :U72 base pair replaced by 
G1 ;C72 to improve transcription efficiency. Expression plasmid pET-22b(+) (Shi et al., 
1998) containing the gene for £. coli ATP(CTP):tRNA nucleotidyltransferase was kindly 
provided by Drs. N. Maizels and A. M. Weiner. 
23 
Restriction Endonucleases and other Enzvmes 
Restriction endonucleases were purchased from either New England Biolabs or 
Promega. T4 RNA ligase and calf intestinal alkaline phosphatase were purchased from New 
England Biolabs. Inorganic pyrophosphatase was from Boehringer Mannheim Biochemicals. 
Valyl-tRNA synthetase (VaIRS) was purified by Diane Shogrin, Dan Spielbauer, and Shimin 
Li from E. coli JM109 carrying the piasmid pVRS-1, according to the method of Chu and 
Horowitz (1991). T7 RNA polymerase was purified from E. coli BL21/pAR 1219 as 
described by Zawadzki and Gross (1991). ATP(CTP);tRNA nucleotidyltransferase was 
purified from E. coli BL21(DE3) according to Shi el. a/(1998). 
Nucleotides 
Nucleotide triphosphates and guanosine 5-monophosphate were purchased from 
Sigma, Amersham Life Sciences, or United States Biochemical Co. Modified nucleosides; 
isoguanosine, 7-deazaadenosine, 7-deazaguanosine, purine riboside, inosine, 2,6-
diaminopurine, isocytidine, and 2-aminopurine, were purchased from ChemGenes. 
Deoxyoligonucleotides were synthesized by the Nucleic Acid Facility at Iowa State 
University. Automated DNA sequencing was carried out by the Nucleic Acid Facility at 
Iowa State University. 
Radioisotopes and Chemicals 
['^CJvaline (158 Ci/mole, IOO^Ci/mL) and ['"'CJisoleucine (342 Ci/mole, 100 
^Ci/mL) were purchase from ICN Biomedicals. [^HJvaline (23-32 Ci/mmole, 1 mCi/mL), 
[^H]threonine (15.2 Ci/mmole, I mCi/mL), [^H]alanine (50 Ci/mmole, I mCi/mL), 
['^CJglutamic acid (53 mCi/mmole, 0.05 mCi/mL), ['"'Clmethionine (41 mCi/mole, 0.1 
mCi/mL), [""I [Jleucine (46 Ci/mmole, 1 mCi/mL), [^HJIysine (40 Ci/mmole, I mCi/mL), 
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[^H]isoleucine (113 Ci/mmole, I mCi/mL), [^HJphenylalanine (54 Ci/mmole, 1 mCi/mL), 
['HJglycine (19 Ci/mmole, 1 mCi/mL), [^H]serine (28 Ci/mmo!e, 1 mCi/mL), [^H]tyrosine 
(58 Ci/mmole, I mCi/mL), [^^S]cysteine (1200 Ci/mmole, 10 mCi/mL), and [Y-^~P]adenosine 
5'-triphosphate (3 Ci/mmole, 2 mCi/mL), were purchased from Amersham Life Sciences. 
Most chemicals and antibiotics (ampicillin and chloramphenicol) were purchased from 
Sigma or Fisher Chemical Co. Biosafe NA scintillation fluor was obtained from Research 
Product International. Whatman 3MM filter paper was from the Whatman Co. Ingredients 
for cell culture media were from Difco Chemical Co. All other chemicals were of reagent 
grade or higher. 
Methods 
Site-Directed Mutagenesis 
Site-directed mutagenesis of tRNA genes was carried out using either the transformer 
site-directed mutagenesis kit (Clontech) or the quickchange site-directed mutagenesis kit 
(Stratagene) as described by the manufacturer. Mutations were identified by restriction 
endonuclease digestion patterns or dideoxy sequencing. DNA sequence analysis was 
performed to confirm the presence of the mutations. 
In vitro Transcription of tRNA Genes 
Phagemids used for in vitro transcription were isolated using a plasmid preparation 
kit from Primm Labs. Phagemids were linearlized with ^.v/Nl or Fok 1, and used as templates 
for run off transcription by T7 RNA polymerase. The reaction was run in 40 mM Tris-HCl 
(pH 8.0), 20 mM MgCb, 2 mM spermidine, 5 mM DTT, 50 ^g/ml BSA, 100 ng/ml BstNl or 
Fok I digested phagemid, 4 mM of ATP, CTP, OTP, and UTP, 16 mM GMP, 80 units/^l of 
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T7 RNA polymerase, and 4 units/ml of inorganic pyrophosphatase. After incubating the 
reaction for 4 hours at 42°C, it was stopped by extracting twice with an equal volume of 
phenoi/chloroform/isoamyl alcohol (25:24:1) and once with chloroform. The resulting 
transcription products were precipitated with three volumes of 95 percent ethanol after 
addition of I/IO volume 3 M sodium acetate (pH 4.8). 
HPLC Purification of in vitro tRN"A Transcripts 
Crude tRNA transcripts were separated from DNA ftagments and unincorporated 
nucleotides on a Toyopearl DEAE-650S HPLC column (250 X 4.6 mm). The column was 
equilibrated with 75 percent buffer A (25 mM Tris-HCI pH 7.4) and 25 percent buffer B (25 
mM Tris-HCI pH 7.4, IM NaCI) and was developed with a linear gradient from 350 to 600 
mM NaCl in 25 mM Tris-HCI (pH 7.4). The eluted RNA was precipitated with 3 volumes of 
95 percent ethanol after the addition of 1/10 volume 3 M sodium acetate (pH 4.8). tRNA 
transcripts were purified further by HPLC on a Vydac C4 reverse phase column (250 X 4.6 
mm). The column was equilibrated with buffer A (1.0 M NH4(OAc), pH 6.0, 5 mM MgCh). 
Transfer RNA was eluted from the column with a linear gradient from 100 pjercent buffer A 
to 50 percent buffer B (10 mM NH4(OAc), pH 6.0, 5 mM MgCb, 10 % methanol). The 
RNA was precipitated with 3 volumes of 95 percent ethanol after the addition of 1/10 volume 
3 M sodium acetate. The resulting RNA pellet was dried in a speed vac concentrator and 
dissolved in 10 mM Tris-HCI pH 7.4, 10 mM MgCL. 
Aminoacvlation Plateau Charging Assay 
Aminoacylation levels of tRNA transcripts were determined at 37°C in a 60 fj.1 
reaction mix containing 100 mM HEPES-KOH (pH 7.5), 10 mM KCl, 15 mM MgCh, 7 mM 
ATP, 1 mM DTT, 100 M radiolabelled amino acid, 1 to 4 (ig of tRNA, and 2 to 4 ^g of 
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VaIRS (an excessive amount). Over a sixty minute time period, ten microliter fractions were 
taken and spotted onto Whatman 3 MM filter paper. Applying the reaction mix to the filter 
paper (pre-soaked in 10 % trichloroacetic acid (TCA)) stopped the reaction. The filter paper 
was then washed three times in cold 5% TCA and twice in cold 95% ethanol. Radioactivity 
was analyzed by liquid scintillation counting after drying the paper and putting it in a Biosafe 
NA scintillation cocktail. 
Time Course of Anninoacvlation and Aminoacvlation Kinetics of tRNA Variants 
The time course of aminoacylation was typically followed at 37°C in 60 ^il of 
reaction mixture containing 100 mM HEPES-KOH (pH 7.5), 10 mM KCl, 15 mM MgCb, 7 
mM ATP, I mM DTT, 100 n M radiolabeled amino acid, I nM VaIRS, and 2 (iM tRNA. 
Ten microliter samples were taken from the reaction mixture at thirty-second intervals and 
spotted on Whatman 3MM filter paper. The filter paper was prepared for liquid scintillation 
counting as described previously. Rates of aminoacylation reported are the average of two or 
more determinations. 
Aminoacylation kinetic experiments involved monitoring the time course of 
aminoacylation using a range of tRNA concentrations from 0.5 (j.M to 6.0 ^iM. Initial 
velocities were determined for five different tRNA concentrations. The kinetic parameters. 
Km and V^ax, were resolved by a least-squares fit of the double reciprocal plot of the data 
using the Enzfitter computer program (published by Elsevier-Biosoft). The results reported 
are the average of two or more experiments. 
In the aminoacylation inhibition studies, the aminoacylation kinetics of tRNA^"' were 
determined at inhibitor concentrations from 0 fiM to 20 jiM. A statistical analysis minitab 
program supplied by Dr. Herbert Fromm (Iowa State University) was used to determine the 
type of inhibition observed in the aminoacylation kinetics studies. This program forced the 
lines of the Lineweaver-Burk plot to resemble a plot of a competitively inhibited enzyme or a 
noncompetitively inhibited enzyme. The plot with the lowest percent difference in the 
residuals determined whether the enzyme was competitively or noncompetitively inhibited. 
Isolation of Aminoacvl-tRNAs 
Aminoacylation of HPLC purified E. coli tRNA^^' mutants with valine and threonine 
was carried out as specified under the aminoacylation plateau charge assay conditions. The 
level of charging was determined by taking a small sample for analysis by liquid scintillation 
counting. After the plateau level of charging was reached, the reaction was stopped by 
addition of an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1). This was 
followed by an extraction with chloroform. The aminoacylated tRNA was recovered by 
precipitation with ethanol. The resulting pellet was dried and dissolved in 5 mM potassium 
acetate pH 5.0. The sample was loaded onto a Sephadex G-25 column (coarse grade, 
Pharmacia, Inc.) equilibrated with 5 mM potassium acetate pH 5.0; the sample was eluted 
from the column with the same buffer. The eluted aminoacyl-tRNA was precipitated with 
ethanol, and the pellet was dissolved in 5 mM potassium acetate pH 5.0. This purification 
step separates aminoacyl-tRNA fi-om low molecular weight contaminants such as amino acid 
and ATP. 
Aminoacvl-tRNA Hydrolysis Assay 
VaIRS catalyzed hydrolysis of aminoacyl tRNA was followed under conditions 
described by Lin and Schimmel (1996). Assays were performed at 37°C in a 60 p.L reaction 
mixture containing 150 mM Tris-HCl (pH 7.5), 150 mM KCI, 10 mM MgCU, and 2 ^M 
['H] aminoacyl tRNA. The reaction was started by the addition of30-1800 nM ValRS. 10 
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P-L samples were removed at the indicated times and spotted onto Whatman 3 MM filter 
paper that had been presoaked with TCA. The filter papers were prepared for liquid 
scintillation counting as described previously. Spontaneous hydrolysis of the aminoacyl 
bond was followed in a similar reaction mixture with ValRS omitted. 
TLC Analysis of Amino Acids Stripped from Aminoacvl-tRNAs 
['"'C]Isoleucyl-tRNA^'*' and ['•'C]valyl-tRNA^°' were isolated as described in the 
section entitled isolation of aminoacyl tRNAs. 200 pmoles of ['•'CJaminoacyl-tRNA were 
incubated at 42°C for two hours in a 6 reaction mix containing 23 mM NaOH (pH 13.2). 
The alkaline conditions hydrolyze the ['"'CJaminoacyl-tRNA. The entire reaction mixtures 
were spotted onto the origin of cellulose TLC plates (EM Science). Authentic 
['^Cjisoleucine and ['"^CJvaline (Amersham) were co-chromatographed with the reaction 
mixtures. The plates were developed a distance of 6.5 cm with butanol-acetone-
triethylamine-water (10; 10:2:5, v/v/v/v) as the solvent, and the position of the amino acids 
determined by autoradiography using film from Kodak (X-OMAT™ AR). 
Monitoring the Editing Reaction bv ATP Hvdrolvsis 
ATP hydrolysis resulting from the editing of misactivated amino acid was monitored 
using an assay based on the method of Schmidt and Schimmel (1994). Reaction mixtures of 
60 |4.L containing 150 mM Tris-HCI (pH 7.5), 10 mM MgCli, 37 mM amino acid, 3 mM [y-
•'"P]ATP (20 to 30 cpm/pmol), 1 jxM tRNA, and 2 ^iM ValRS were incubated at 25°C. At the 
indicated times, 10 ^.L of the reaction mix was quenched with twenty-five volumes (250 jiL) 
of a solution containing 7% HCIO4, 10 mM sodium pyrophosphate, and 3% activated 
charcoal (Sigma). The activated charcoal was added to bind nucleotides and was removed by 
centrifugation. [^"P]pyrophosphate (released as a result of ATP hydrolysis) in 50 p.L of the 
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supernatant was determined by liquid scintillation counting. Rates of ATP hydrolysis 
reported are the average of two or more determinations. 
Synthesis. Isolation and Characterization of Nucleoside Bisphosphates 
Nucleoside bisphosphates were synthesized using a method developed by Barrio and 
Uhlenbeck (1978). A mixture (277 jiL), containing nucleosides (0.2 mmol) and 
pyrophosphoryl chloride (2 mmol) was stirred at -10 to -15°C. After four hours, the reaction 
was quenched by the addition of a small amount of ice and 5 mL of 0.5 mM TEAB (pH 8.0). 
The reaction was evaporated to dryness under vacuum. The residue was then dissolved in 10 
mL of 50% methanol twice and evaporated to dryness to remove all remaining TEAB. The 
resulting pellet was dissolved in water. 
The chemically synthesized nucleoside bisphosphates were purified on a DEAE 
Sephacel column (30 X 1.5 cm) equilibrated with 50 mM TEAB (pH 8.0). The column was 
developed with a linear gradient from 50 mM to 400 mM TEAB (pH 8.0). The eluted 
nucleoside bisphosphates were evaporated to dryness. The resulting residue was dissolved in 
10 mL of 50% methanol twice and evaporated to dryness. The pellet was dissolved in water. 
The purified nucleoside bisphosphates were characterized by NMR. The NMR 
samples contained 0.84 M tetramethylammonium hydroxide (pH 10), 2 mM EDTA, 20% 
D2O, and 50 A260 of purified nucleoside bisphosphate. D2O was added to provide an internal 
lock signal. Samples were transferred to a 5 mm NMR tube, and ^'P NMR spectra were 
collected on a Bruker AC-200 spectrometer. Results for the nucleoside bisphosphates 
prepared in this study are shown in Table 1. Chemical shifts are reported as ppm from 
phosphoric acid. 
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Table 1. Chemical shifts of nucleoside bisphosphates 
Nucleoside Chemical Shift 
Bisphosphate 3'-P 2'-P 5'-P 
pAdenosine3'p 4.883 - 4.589 
pAdenosine3 '(2 ')p 4.885 4.302 4.590 
pGuanosine3 (2 ')p 4.922 4.134 4.577 
pCytidine3 '(2')p 4.806 4.312 4.556 
p2,6-Diaminopurine3 '(2')p 4.995 4.284 4.643 
p2-Aminopurine3 '(2 ')p 4.961 4.218 4.661 
plsoguanosine3 (2')p 4.943 4.016 4.644 
pPurine ribosides'(2')p 5.127 4.331 4.637 
plnosine3'(2')p 4.971 4.205 4.612 
p7-Deazaadenosine3 (2 ')p 5.016 4.022 4.607 
p7-Deazaguanosine3 '(2')p 4.973 3.997 4.561 
p3-Deazaadenosine3 (2 ')p 5.039 4.278 4.669 
pXanthosi ne3'(2' )p 4.893 3.930 4.457 
31 
T4 RNA Liease-Catalvzed Addition of Nucleoside Bisphosphates to tRNA^** (-A) 
Nucleoside bisphosphates were ligated onto tRNA^"' lacking the 3'-terminal 
adenosine (tRNA^"' (-A)) with T4 RNA ligase using conditions similar to those of Paulsen 
and Wintermeyer (1984). The ligation mixture contained 50 mM HEPES (pH 7.5), 20 mM 
MgCb, 0.01 mg/mL BSA, 3.3 mM DTT, 15% DMSO, I mM ATP, 2 u/jiL T4 RNA ligase, 
30 fiM tRNA^"' (-A), and 300 ^iM purified nucleoside bisphosphate. The reaction was run in 
the dark for 48 hours at 4°C. Transfer RNA was precipitated with 3 volumes of 95 percent 
ethanol after the addition of 1/10 volume of 3 M sodium acetate (pH 4.8). The resulting 
pellet was dissolved in 10 mM Tris-HCl pH 7.4, 10 mM MgCb-
The iRNA product has a 3'-terminal phosphate which was removed (together with the 
5'-phosphate) with calf intestinal phosphatase. The reaction mixture contained 50 mM Tris-
HCl (pH 8.0), 8 mM MgCh, 2 \il\iL calf intestinal phosphatase, and 0.8 fig/fiL tRNA. The 
reaction was incubated four hours at 37°C, and the tRNA was precipitated as before. The 
RNA pellet was dissolved in 2.5% Ficoll (in H^O) and purified by electrophoresis on 8% 
denaturing polyacrylamide gels (20 X 45 X 0.2 cm) run for 18 hours at a constant current of 
15 mA. RNA was extracted from the gel with a buffer containing 0.5 M NH4(OAc), 10 mM 
Mg(OAc), I mM EDTA (pH 8.0), and 0.1% SDS, using the crush and soak method (Maniatis 
et ai, 1989). Gel purified RNA was ethanol precipitated and dissolved in 10 mM Tris-HCl 
pH 7.4, 10 mM MgCN. 
E. coli Nucleotidvltranferase Catalyzed Addition of Nucleotides to tRNA^** f-A> 
Nucleoside triphosphates were ligated to tRNA^"' (-A) with E. coli 
nucleotidyltransferase under conditions similar to those described by Francis et al. (1983). 
Ligation of ATP, 3'-dATP, and 2',3'-ddATP into the tRNA^"' (-A) was performed in a 
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reaction mixture containing 20 mM Tris-HCl (pH 8.7), 20 mM MgCIi, 6 mM 3'-dATP or 6 
mM 2',3'-ddATP or 0.1 mM ATP, 0.42 ng/fiL tRNA^"*' (-A), and 0.38 ng/jiL E. coli 
nucleotidyltransferase. Ligation of 2'-dATP onto the tRNA^®' (-A) was carried in a similar 
reaction mixture containing 20 mM Tris-HCl (pH 8.7), 20 mM MgCN, 6 mM 2'-dATP, 0.42 
Hg/)iL tRNA^"' (-A), 0.38 E. coli nucleotidyltransferase, and 0.2 u/^L inorganic 
pyrophosphatase. After incubating the reactions for 2 hours at 37°C, they were stopped by 
extracting twice with an equal volume of phenol/chlorofomt/isoamyl alcohol (25:24:1) and 
once with chloroform. 
The resulting tRNA ligated with ATP and 3'-dATP were isolated from unincorporated 
nucleotides on a Toyopearl DEAE-650S HPLC column as described in the section entitled 
HPLC purification of in vitro tRNA transcripts. Transfer RNA resulting from ligations with 
2'-dATP and 2',3'-ddATP were purified on 8% denaturing polyacrylamide gels as in the 
section entitled T4 RNA ligase catalyzed addition of nucleoside bisphosphates to tRNA^"' (-
A). The HPLC and gel purified tRNAs were ethanol precipitated and dissolved in 10 mM 
Tris-HCl pH 7.4, 10 mM MgCN. 
Chemical Modification of 3-Terminal Ribose Groups of tRNA^** 
The 3'-terminal ribose of tRNA^"' was chemically modified as described by 
Fahnestock and Nomura (1972). Periodate oxidation of the 3'-terminal ribose of tRNA^"' 
was carried out by dissolving 415 ^g of tRNA^"' in 250 ^L of NaOAc (pH 5.0) and adding 
19.2 fj.L of 0.1 M NaI04 (120 fold molar excess of periodate). After incubation for one hour 
in the dark at room temperature, the oxidized RNA was precipitated with 3 volumes of 95 
percent ethanol af^er addition of 1/10 volume 3 M NaOAc (pH 4.8). A portion of the 
resulting pellet was dissolved in 10 mM Tris-HCl pH 7.4, 10 mM MgCL. 
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The oxidized tRNA^®' was reduced by reacting it with sodium borohydride. 143 jig 
of oxidized tRNA^"' were dissolved in a mixture of 500 fiL 100 mM of phospate buffer (pH 
6.9) and 3 mL NaBRj (10 mg/mL). 2 M NaOAc (pH 5.2) was added to adjust the pH of the 
reaction mix to 7.8. The final volume of the reaction mix was 12 mL. The reaction was 
incubated for 3.5 hours in the dark at room temperature. The reduced RNA was precipitated 
with ethanol and the resulting pellet was dissolved in 10 mM Tris-HCI pH 7.4, 10 mM 
MgCl:. 
Oxidized tRNA^"' was also treated with methylamine and borohydride to further 
modify the 3'-terminal ribose of the tRNA. 80 jig of the oxidized tRNA was dissolved in 67 
nL of 0.1 M NaBOs (pH 9.0) and subsequently reacted with 33 ^iL of methylamine-HCl. 
This reaction was incubated on ice. After one hour, 33 of 0.05 M LiBHj; 0.1 M NaBO? 
was added to the reaction. After another hour of incubation on ice, the reaction was 
terminated by addition of 3.3 of 0.05 M EDTA and 133 jiL of 0.5 M NaOAc (pH 3.5). 
After further incubating the reaction mix on ice for five minutes, the tRNA was ethanol 
precipitated. The resulting pellet was dissolved in 10 mM Tris-HCI pH 7.4, 10 mM MgCN. 
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RESULTS 
Recognition Determinants for Aminoacylation by Vaiyl-tRNA Synthetase 
Conversion of £1 coli tRNA"* to a Valine Acceptor 
The accuracy of aminoacylation depends upon the productive recognition of a tRNA 
molecule by its cognate aminoacyl-tRNA synthetase, and the ability of the synthetase to 
differentiate between its cognate tRNA and noncognate tRNAs. To further investigate the 
sequence and structural requirements for the recognition of E. coli tRNA^®' by VaIRS, known 
tRNA^''' recognition elements were inserted into the framework of E. coli tRNA"*"' to reveal 
additional synthetase recognition nucleotides and negative determinants. Mutations in E. coli 
tRNA^"' have shown that A35 and C36 are major contributors to tRNA recognition, and that 
A73, G20, and G45 are minor recognition nucleotides for VaIRS (Tamura et al., 1991; Chu 
et al., 1991: Horowitz et aL, 1999). Insertion of these recognition nucleotides into E. coli 
tRNA''""" will convert this tRNA into a valine acceptor if this set of recognition nucleotides is 
complete. 
Figure 5 compares the nucleotide sequence of the major E. coli valine isoacceptor, 
tRNA 1 and two isoacceptors with that of E. coli tRNA"*". E. coli tRNA"" differs from 
tRNA 1 at 28 positions (shaded and boxed areas in Figure 5). Most of these differences are 
found in the acceptor stem, the D-loop, and the T-stem and loop. Although E. coli tRNA"" 
has three of the five essential synthetase recognition nucleotides of tRNA^"', its level of 
aminoacylation is undetectable (Table 2). The anticodon of tRNA^"' is the main VaIRS 
recognition element (Tamura et al., 1991; Chu et al., 1991; Horowitz et al., 1999). 
Nucleotide C36 of the anticodon of tRNA^"' is a major aminoacylation recognition element. 
Figure 5. Comparison of the nucleotide sequence of E. coli tRNAl ^""'(UAC anticodon), E. 
coll tRNA2^'''(GAC anticodon), E. coli tRNAj^^'CGAC anticodon), and E. coli 
tRNA"''"(GAU anticodon). Shaded boxes indicate nucleotide differences. Shaded 
ovals indicate base pair differences between E. coli tRNA2^'''(GAC anticodon) and 
E. coli tRNAS^^^GAC anticodon). 
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Table 2. Valine accepting efficiencies of E. coli tRNA"*^ vanants 
tRNA Variants Rate of Aminoacylation Relative Rate of 
(pmol/min) Aminoacylation 
Wild type 
tRNA"^"' (UAC) 
2.198 (1.0) 
Wild t\pe 
tRNA"'=(GAU) 
-0.004 -0.002 
tRNA"'-" (GAC) 0.115 0.05 
tRNA"'-" (GAC) A68 0.175 0.08 
tRNA"'-" (GAC) 
Valine Anticodon Stem 
0.426 0.19 
tRNA"*-' (GAC) A68 + 
Valine Anticodon Stem 
0.691 0.31 
tRNA"'-" (GAC) G20 + 
Valine Anticodon Stem 
0.996 0.45 
tRNA"*-" (GAC) 
G20 + A68 + 
Valine Anticodon Stem 
1.533 0.70 
E. coli tRNA"*"" differs from tRNA^"' at position 36; tRNA"^ has a U in place of the C36 of 
tRNA^"'. Substitution of U36 with C36 in E. coli tRNA"® improves the valine accepting 
efficiency of tRNA""" to only 5 percent that of wild-type tRNA^^' (Table 2). E. coli tRNA*'"^ 
also has a G at position 34, instead of U34, in the anticodon. However, E. coli valine 
isoaccepting tRNAs have either a G or U at position 34 (Figure 5) suggesting VaIRS tolerates 
either nucleotide. Furthermore, the G34 and C34 mutants of tRNA^"' accept valine readily 
(Horowitz e/a/., 1999). 
Mutational analysis of E. coli tRNA^®' shows that G;U base pairs in the acceptor stem 
act as negative determinants of synthetase recognition (Liu et al., 1997). The negative 
effects of G.U base pairs are correlated with structural changes in the proximity 
of position 4.69. E. coli tRNA"" has a G:U base pair at position 5:68. Removal of the G:U 
base pair in the acceptor stem of E. coli tRNA"*''(GAC) by substitution of G at pmsition 68 
with A produces a substrate with only 8 percent of the valine accepting activity of wild-type 
tRNA"'''' (Table 2). 
Conformation of the anticodon stem of tRNA^"' also plays a role in ValRS 
recognition in aminoacylation (Horowitz et al., 1999). E. coli tRNA"*"" has a G;C rich 
anticodon stem. tRNAs with G:C rich anticodon stems are poor valine acceptors (Horowitz 
et al., 1999). Replacing the entire anticodon stem of E. coli tRNA""(C36) with that of 
tRNA^"*' raises the aminoacylation efficiency to 19 percent that of wild-type tRNA^"' (Table 
2). The combined insertion of the valine anticodon stem and A68 into E. coli tRNA"*"" (GAC) 
yields a fairly active substrate with 31 percent of the aminoacylation efficiency of wild-type 
IRNA^'*' (Table 2). 
The D-loop of E. coli tRNA"^ is made up of nine nucleotides whereas the D-loop of 
E. coli tRNA 1 contains eight nucleotides (Figure 5). E. coli tRNA"*^ has U20U20a in place 
of G20 in E. coli tRNAl^"'. Replacing the UU sequence with the minor aminoacyiation 
recognition nucleotide, G20, in E. coli tRNA"'^(GACXValine Anticodon Stem) further 
improves aminoacyiation efficiency of the tRNA to 45 percent that of wild-type tRNA^"' 
(Table 2). The combination of placing the aminoacyiation recognition nucleotides, G20 and 
C36, the valine anticodon stem, and A68 into E. coli tRNA"^ produces a substrate with an 
aminoacyiation efficiency only 30 percent less than wild-type tRNA^"' (Table 2). These 
results confirm an undistorted acceptor helix, valine anticodon stem, and nucleotides, G20 
and C36, as ValRS aminoacyiation recognition determinants. 
Functional Groups of the 3-Terminal Base of tRNA^** Required for Aminoacyiation by 
Vaiyl-tRNA Synthetase 
Despite the universal conservation of 3'-terminal adenosine in all mature tRNAs, our 
laboratory has obtained functional mutants at the 76 position of E. coli tRNA^^' (Liu and 
Horowitz, 1994). Replacing the 3'-terminal adenosine of E. coli tRNA^"' with cytidine or 
uridine produces tRNAs that can be fully aminoacylated and that have 15-50% the 
aminoacyiation efficiency of wild-type tRNA^"' (Liu and Horowitz, 1994; Figure 6 and Table 
3). However, the tRNA variant with a 3'-terminal guanosine is a poor substrate for ValRS, 
and its aminoacyiation efficiency is 100 times lower than wild-type tRNA^"'. 
Base Analogs 
To examine the importance of specific functional groups of the 3'-terminal adenosine 
of /:. coli tRNA^"' in aminoacyiation, several base analogs were inserted at the 3'-terminus of 
tRNA^"' in place of the normal adenosine. Substituting 7-deazaA, which has the N7 ring 
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(1.0) 
I 
! 
o j H jN 1 '  
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Figure 6. Chemical structure of nucleobases and their effects on E. cnli tRNA^'*' 
aminoacylation activity when inserted at the 3'-end of tRNA^"' replacing A76. 
Numbers show the aminoacylation rate relative to that of wild-type tRNA^"'. 
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Table 3. Aminoacylation of tRNA^®' with base analogs substituted for the 3'-terminal 
adenosine 
Analog Substitution Level of Aminoacylation Rate of Aminoacylation 
(pmol/A26o) (pmol/min) 
Adenosine 1285 1.764 
Uridine 1422 0.272 
C\lidine 1668 0.277 
Guanosine 1120 0.014 
7-Deazaadenosine 1551 0.857 
3 -Deazaadenosine 1471 1.198 
Purine Riboside 1428 1.172 
2-Aminopurine 945 0.195 
2,6-Diaminopurine 1284 0.099 
Isogxianosine 1022 0.308 
Inosine 1122 0.243 
Xanthosine 1337 0.018 
7-Deazaguanosine 849 0.071 
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nitrogen replaced by carbon, for adenosine at the 76 position of E. coli tRNA^®' produces a 
tRNA variant that can be fully aminoacylated by ValRS (Figure 6 and Table 3). The 
aminoacylation efficiency of this tRNA^"^ variant is 49 percent that of wild-type tRNA^^' 
(Figure 6 and Table 3). Since E. coli tRNA^®' terminating with 7-deazaA is a good substrate 
for aminoacylation by ValRS, the N7 ring nitrogen of adenosine is not essential for effective 
recognition by ValRS in aminoacylation. 
3-Deazaadenosine has the N3 of adenosine replaced with carbon (Figure 6). 
Replacing adenosine with 3-deazaadenosine at the 3'-terminal position of tRNA^"' tests the 
role of the N3 ring nitrogen of adenosine in ValRS/tRNA interaction in aminoacylation. 
E. coli tRNA^"' terminating in 3-deazaadenosine is readily aminoacylated by ValRS at a rate 
62 percent that of wild-type tRNA^°' (Figure 6 and Table 3). This result suggests that the N3 
ring nitrogen of adenosine is not required for ValRS recognition of the 3'-terminal adenosine 
of E. coli tRNA^"' in aminoacylation. 
Purine riboside lacks the exocyclic amino group at position 6 of adenosine (Figure 6). 
Substitution of the 3'-terminal adenosine of E. coli tRNA^"' with purine riboside produces a 
good substrate for ValRS in aminoacylation. This tRNA^"' variant retains 66 percent of the 
aminoacylation activity of wild-type tRNA^"' (Figure 6 and Table 3); Km is increased 2-fold 
(Table 4). This result indicates that the exocyclic amino group of adenosine is not necessary 
for ValRS recognition of the 3'-terminal adenosine of E. coli tRNA^"' in aminoacylation. 
2-Aminopurine is an analog of adenosine in which the amino group is shifted to the 
2-position (Figure 6). The tRNA^'"' variant with 2-aminopurine substituted for adenosine at 
the 3'-terminal position of E. coli tRNA^"' remains able to accept valine (Table 3) but at a 
rate 9 times lower than that of wild-type tRNA^"' (Figure 6 and Table 3). This reduction in 
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Table 4. Kinetic parameters for aminoacylation of tRNA^°' variants with base analog 
substitutions at the 3'-end 
Analog Substitution 
(UM) 
V ^ max 
(nmol/min/mg) 
Vmax'^^in Relative 
(Vrna.\/Krn) 
Adenosine 4.3 7.7 1.8 (1) 
Purine Riboside 8.8 8.0 0.91 0.52 
2-Aminopurine 5.0 0.38 0.075 0.042 
Isoguanosine 2.0 0.55 0.28 0.16 
Inosine 4.8 0.59 0.12 0.067 
aminoacylation efficiency is largely due to a 20-fold reduction in Vmax (Table 4). The 
adverse effect of an exocyclic amino group (N2) on aminoacylation was confirmed when 2,6-
diaminopurine was inserted at the 76 position of E. coli tRNA^"' in place of adenosine. 2,6-
diaminopurine resembles adenosine in having the ring nitrogen (N1) and the exocyclic amino 
group (N6) (Figure 6). However, 2,6-diaminpurine has an additional exocyclic amino group 
at position 2 in the purine ring (Figure 6). K. coli tRNA^^' terminating with 2,6-
diaminopurine, although it can be fully aminoacylated (Table 3), has only 6 percent the 
aminoacylation efficiency of wild-type tRNA^"' (Figure 6 and Table 3). Although the 
exocyclic amino group of adenosine (N6) is not recognized by ValRS in aminoacylation, an 
e.xocyclic amino group at position 2 in the 3'-terminal base of tRNA^"' has an adverse affect 
on ValRS recognition in aminoacylation. 
Like adenosine, isoguanosine has a ring nitrogen (N1) and an exocyclic amino group 
(N6) (Figure 6). However, isoguanosine also has a keto group at position 2 (02) where 
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adenosine has no exocyclic group (Figure 6). Although the aminoacylation level of the E. 
coll iRNA^'*' variant terminating with isoguanosine reaches 1022 pmol per A260 unit, it is 
aminoacylated at only 17 percent the rate of wild-type tRNA^"' (Figure 6 and Table 3), due 
mainly to a 14-fold decrease in Vmax (Table 4). Despite its relatively poor aminoacylation 
efficiency, E. culi tRNA^®' with a 3'-terminal isoguanosine is a much better substrate for 
aminoacylation by ValRS than tRNA^"' with a 3'-terminal guanosine (Figure 6 and Table 3). 
Even though its level of aminoacylation reaches 1120 pmol/A26o, the 3'-guanosine tRNA^'*' 
variant is aminoacylated at a rate 17 times lower than that of the 3'-isoguanosine tRNA^"' 
variant (Figure 6 and Table 3). Although the exocyclic keto group (02) of isoguanosine 
adversely affects ValRS recognition of the 3'-terminal base of tRNA^"', the N1 ring nitrogen 
and/or the exocyclic amino group (N6) of isoguanosine significantly improves the 
aminoacylation efficiency of isoguanosine substituted tRNA^"' compared to guanosine 
substituted tRNA^^'. 
Guanosine has an exocyclic amino group at position 2 (Figure 6). Since an exocyclic 
amino group (N2) on the 3'-terminal base of tRNA^"' has a negative effect on aminoacylation 
efficiency (Figure 6 and Table 3), this may be at least partially responsible for the low 
aminoacylation activity of E. coli tRNA^"' terminating with guanosine (Figure 6 and Table 
3). Inosine lacks the exocyclic 2-amino group of guanosine, however, it resembles guanosine 
in having a N1 -proton and keto group at position 6 (06) (Figure 6). E. coli tRNA^'*' with 3'-
inosine can be fully aminoacylated (Table 3), but the tRNA^"' variant is a poor substrate for 
ValRS in aminoacylation (Figure 6). Substituting inosine for adenosine at the 3'-terminal 
position of E. coli tRNA^"' results in a 15-fold decrease in aminoacylation efficiency relative 
to wild-type tRNA^"' due largely to a 13-fold decrease in V^ax (Table 4). However, it is 
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aminoacylated 14 times more efficiently than the 3'-guanosine tRNA^®' variant (Figure 6 and 
Table 3). This result indicates the absence of an exocyclic amino group (N2) in inosine 
significantly improves the aminoacylation efficiency of inosine substituted tRNA^^' over 
guanosine substituted tRNA^"'. Substitution of purine analogs with protons at N1 and keto 
groups at 06, at the 3'-end of tRNA^®', generally reduces aminoacylation efficiency 
compared to bases lacking N1 -protons and C)6-keto groups (Figure 6). This suggests that a 
proton at N1 and/or a keto group at 06 may interfere with VaIRS recognition. 
Xanthosine shares the N1-proton and keto group (06) of guanosine and inosine, 
however, it also has a keto group (02) (Figure 6). E. coli tRNA^®' with 3'-terminal 
xanthosine, although it can be aminoacylated to levels of 1337 pmoiyA26o, is a very poor 
substrate for VaIRS in aminoacylation (Figure 6 and Table 3). This tRNA^"' variant has only 
2 percent of the aminoacylation activity of wild-type tRNA^"' (Figure 6 and Table 3). These 
results confirm the adverse affect of an 02-exocyclic group, N1-proton, and 06-keto group 
on VaIRS recognition of the 3'-terminal base of tRNA^"' in aminoacylation. 
Sugar Analogs 
The role of the 3'-terminal ribose group of E. coli tRNA^"' in aminoacylation was 
investigated by substituting the 3'-terminal adenosine with 3'-deoxyadenosine, 2'-
deoxyadenosine, and 2', 3'-dideoxyadenosine. VaIRS normally incorporates valine onto the 
2'-hydroxyl group of the 3'-terminal ribose of tRNA^"' (Hecht and Chinault, 1976). 3'-
deoxyadenosine has a 2'-hydroxyl group, but lacks a 3'-hydroxyl group (Figure 7). 
Substituting the 3'-terminal adenosine of E. coli tRNA^'"' with 3'-deoxyadenosine produces a 
tRNA^"' variant that can be fully aminoacylated with valine (Table 5), however, it is a poor 
substrate for VaIRS (Figure 7). Its aminoacylation activity is more than 5-fold less than that 
46 
Sugar Analogs 
HO OH 
Adenosine 
(1.0) 
O O 
AdenosinCoxi 
0 
H OH HO H H H 
3'-Deoxyadenosine 2'-Deoxyadenosine 2',3'-Dideoxyadenosine 
0.17 0.16 0.25 
HO OH 
Adenosineow-rcd 
0 
,0, 
^OH 
I 
CH3 
Adenosine 
Periodate-Methylamine-
Borohydride Treated 
0 
Figure 7. Chemical structure of sugar analogs and their effects on E. coli tRNA^"' 
aminoacylation activity when inserted at the S'-end of tRNA^"' replacing A76. 
Numbers show the aminoacylation rate relative to that of wild-type tRNA^"'. 
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Table 5. Aminoacylation of tRNA^"' with sugar-analogs substituted for the 3'-terminal 
adenosine 
Analog Substitution Level of Aminoacylation 
(pmol/A26o) 
Rate of Aminoacylation 
(pmol/min) 
Adenosine 1058 1.494 
3 '-Deoxyadenosine 1139 0.261 
2 '-Deoxyadenos i ne 436 0.245 
2',3'-Dideoxyadenosine 515 0.378 
AdenosinCoK, 1 0 
AdenosinCoxi-rcd 1 0 
Adenosine 
Periodate-Methylamine-
Borohydride Treated 
70 0 
of wild-type tRNA^"' (Figure 7 and Table 5). Unexpectedly, trichloroacetic acid-precipitable 
radioactive valine is also observed when aminoacylation reactions are carried out with 
tRNA^"' variants having 2'-deoxyadenosine or 2',3'-dideoxyadenosine in place of the 3'-
terminal adenosine (Table 5; See Discussion). 
The role of the 3'-terminal ribose of E. coli tRNA^"' in aminoacylation was also 
analyzed by chemically modifying the 3'-tenninal ribose. Oxidation of the 3'-terminal ribose 
of /:. coli tRNA^"' eliminated the valine accepting activity of the tRNA (Table 5). Altering 
the 3 -terminal ribose of tRNA^"' by oxidation converts C2 and C3 from secondary alcohols 
to aldehydes (Figure 7). Reduction of the oxidized tRNA^"' produces tRNAs with primary 
alcohols at C2 and C3 on the ribose group at the 3-end (Figure 7). Although this chemically 
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changed tRNA has hydroxyl groups at C2 and C3, it is not aminoacyiated by ValRS. Finally, 
treatment of oxidized tRNA^"' with methylamine and borohydride structurally and 
chemically alters the 3'-tenninal ribose abolishing its aminoacylation activity (Figure 7 and 
Table 5). Chemically and structurally modifying the 3'-terminal ribose of E. coli tRNA^"' 
can significantly affect ValRS recognition of the tRNA in aminoacylation. 
Misacylation of tRNA^"* by Valyl-tRNA Synthetase 
Misacvlation of 3'-Terminal Variants of E. coli tRNA^*' 
Normally, valyl-tRNA synthetase corrects aminoacylation errors by translational 
editing (See Introduction). However, tRNA^®' with a U or C at position 76 is fully 
mischarged with threonine at a ValRS concentration of 0.2 (Figure 8). At this ValRS 
concentration, tRNA^"' with a G at position 76 is not significantly mischarged with 
threonine. However, at lower enzyme concentrations (0.046 jiM), this tRNA is misacylated 
with low levels of threonine (below 50 pmol/A26o, Table 6). 
Misacylation of 3'-end tRNA^^' variants is not limited to threonine. The U76 and 
C76 variants of tRNA^"' are also stably misacylated with alanine, serine, cysteine, and 
isoleucine (Table 6). The levels of mischarging observed over a sixty-minute period are 10 
to 50 percent the levels of charging of tRNA^"' with valine. tRNA^"' terminating in G is 
misacylated poorly with threonine, cysteine, and alanine; the latter only at low ValRS 
concentrations (0.046 jiM, Table 6). Evidently, base changes at the 76 position of tRNA^"' 
(especially U or C) contribute to the decrease in the fidelity of aminoacylation of tRNA^"' by 
ValRS. 
Figure 8. Time course of aminoacylalion of tRNA^"' variants with valine (A) and threonine (B), Wild type tRNA^"' (diamond); 
G76 tRNA'^"' (open square); C76 tRNA'^"' (open circle); and U76 tRNA^"' (triangle). VaIRS concentration is 0.2 ^M. 
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Table 6. Levels of misacylation of 3'-terminal variants of /T. coli tRNA^"' with noncognate 
amino acids 
Amino Acid Wild Type U76 C76 G76 
pmo! of Amino Acid/A26o 
Valine 1294 1406 1211 1372 
Threonine 0 1628 1312 ND"(36)'' 
Alanine 0 481 604 ND^(1.6)'' 
Serine 0 138 248 0 
Cysteine 0 365 387 51 
Isoleucine 546 135 155 0 
Leucine No Detectable Misacylation 
Methionine No Detectable Misacylation 
Glycine No Detectable Misacylation 
Glutamic Acid No Detectable Misacylation 
Lysine No Detectable Misacylation 
Tyrosine No Detectable Misacylation 
Phenvlalanine No Detectable Misacvlation 
^ ND indicates no misacylation at a VaIRS concentration of 0.2 ^iM. Aminoacylation levels 
were measured over a sixty minute period. 
Aminoacylation level at 0.046 VaIRS. 
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The misacylation of S'-end tRNA^®' variants by ValRS is not observed with all 
naturally occurring noncognate amino acids. Leucine, methionine, glycine, glutamic acid, 
lysine, tyrosine, and phenylalam'ne are not stably incorporated onto 3'-terminal variants of 
tRNA"""' (Table 6). 
Valvl-tRNA Synthetase Catalyzed Peacvlation of Misacvlated Mutant tRNAs 
To determine whether the misacylation of 3'-end variants of tRNA^"' is due to the 
inability of ValRS to deacylate these mischarged tRNAs (posttranfer editing), the ValRS 
catalyzed hydrolysis of misacylated mutant tRNAs was examined. Threonyl-tRNA^"' with 
pyrimidines (U or C) at position 76 is not deacylated by ValRS (Figure 9). However, 
threonyl-tRNA^^'terminating in G (a purine) is slowly enzymatically deacylated by ValRS, 
at a rate of 0.40 pmol/min (Figure 9). We were unable to prepare threonylated wild-type 
tRNA^'*' for use as a control in these experiments because it is edited too rapidly to be 
isolated. Evidently, a purine at the 76 position of tRNA^"' is necessary for ValRS catalyzed 
editing of threonylated tRNA^"'s (see Discussion). 
Igoli and coworkers discovered ValRS deacylates its correctly charged tRNA^"' 
(Igoli ct al., 1977). E. coli ValRS also deacylates wild-type E. coli valyl-tRNA^"' (Figure 
10). However, valyl-tRNA^^'s ending with U or C are not deacylated by ValRS. This result 
indicates ValRS is unable to deacylate aminoacyl-tRNAs terminating with pyrimidines 
regardless of whether valine or threonine is attached to the 3'-terminal adenosine. Valyl-
G76 tRNA^'^' is not deacylated by ValRS whereas threonyl-G76 tRNA^'^' is deacylated 
(compare Figure 9 and 10). Clearly, this result indicates that ValRS selectively discriminates 
between mischarged tRNA^'^ and correctly aminoacylated tRNA. 
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Figure 9. Valyl-tRNA synthetase catalyzed deacylation of mischarged tRNA^"'; Threonyl-
C76 tRNA^"' (squares); threonyl-U76 tRNA^"' (triangles); and threonyI-G76 
iRNA^"' (diamonds). ValRS and aminoacyl-tRNA concentrations were 30 nM and 
2 |xM, respectively. These results are corrected for nonenzymatic hydrolysis of 
aminoacyl-tRNA. 
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Figure 10. Valyl-tRNA synthetase catalyzed deacylation of valyl-tRNA^"' variants: valyl-
U76 tRNA^"' (triangles); valyl-C76 tRNA^"' (open squares); valyl-G76 tRNA^'"' 
(closed squares); and valyl-wild type tRNA^"' (diamonds). ValRS and 
aminoacyl-tRNA concentrations were 1.8 and 2 nM, respectively. These 
results are corrected for nonenzymatic hydrolysis of aminoacyl-tRNA. 
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Misacvlation of £1 coli tRNA^** with boleucine 
Misacylation of tRNA^"' with isoleucine was surprising, because Fersht and Dingwall 
(1979) reported results suggesting the apparent misacylation of tRNA^'^ with isoleucine is 
due to the presence a valine contaminant in the commercial preparation of isoleucine. We 
find tRNA^''' is aminoacylated with isoleucine to a level of 546 pmol/A26o (Table 6). A 
number of experiments were carried out to examine the validity of this unexpected finding 
more closely. 
To determine whether this is due to contamination of the commercial isoleucine 
preparation with valine, '"'C-isoleucyl-tRNA^''' and '"'C-valyl-tRNA^"' were isolated, 
deacylated, and the identity of the amino acids determined by thin layer chromatography 
(Figure 11). The amino acids removed from isoleucyl-tRNA^"' and valyl-tRNA^^' migrated 
to the same point on the TLC plate as isoleucine and valine standards, respectively. This 
result proves that isoleucine is incorporated onto tRNA^"'. 
The Km and Vmax for isoleucine in the aminoacylation reaction are 48-fold higher and 
284-fold lower, respectively, than the corresponding values for valine (Table 7). This results 
in a 13445-fold decrease in the catalytic efficiency of the aminoacylation reaction with 
isoleucine compared to that with valine. Is the selective discrimination by ValRS against 
Table 7. Kinetic parameters for isoleucine and valine in the aminoacylation reaction 
Amino Acid Km Vmax ^max'^tn Relative 
(UM) (nmol/min/mg) Vmax'^K-m 
Valine 39.5 6.41 0.16 (1) 
Isoleucine 1,900 0.0226 1.19 X 10' 7.44 X 10"-' 
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Figure 11. Identification of isoleucine aminoacylated to tRNA^"*'. Amino acids stripped 
from tRNA^"' charged by ValRS with '"'C-labelled valine or isoleucine were 
identified by TLC (See Methods). Lane 1; a mixture of '"'C-isoleucine plus 
tRNA^'''; lane 2: amino acid stripped from tRNA^"' aminoacylated with '^C-
isoleucine; lane 3; amino acid stripped from tRNA^^' aminoacylated with '^C-
valine; lane 4; a mixture of '"^C-valine and tRNA^"*'. Lane 5, 6, and 7 contained a 
mixture of '"'C-isoIeucine and '^C-valine, '^C-isoleucine, and '""C-valine, 
respectively. 
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isoleucine in the aminoacylation reaction sufficient to prevent misacylation of E. coli 
tRNA^"' with isoleucine in vivo? Our results show valine outcompetes isoleucine in the 
aminoacylation reaction even when the valine concentration is as little as one tenth of the 
isoleucine concentration (Figure 12). Therefore, if the intracellular concentration of 
isoleucine is ten times (or less) that of valine, valine will outcompete isoleucine in the 
aminoacylation reaction in vivo (See Discussion). 
Valvl-tRNA Synthetase Catalyzed Peacvlation of Isoleucvl-tRNA^*' 
The extent to which isoleucine misacylation errors are edited by ValRS was 
determined by directly comparing the synthetase catalyzed deacylation of isoleucyl-tRNA^'*' 
and valyl-tRNA^"'. Isoleucyl-tRNA^"' is enzymatically deacylated to the same degree as 
valyl-tRNA^'''(Figure 13). 
Inhibition of Aminoacylation by Mischarged tRNAs 
Threonyl-U76 tRNA^''" and threonyl^76 tRNA^^''' are not deacylated by ValRS 
(Figure 9). However, they are recognized by ValRS because these mischarged tRNAs are 
inhibitors of tRNA^''' aminoacylation (Figure 14). Therefore, the inability of ValRS to 
deacylate these mischarged tRNAs is not due to its failure to recognize them. Further 
experiments reveal that these mischarged tRNAs are noncompetitive inhibitors 
of tRNA^"' in the aminoacylation reaction (Figure 14). The kinetic parameters for Thr-
tRNA^"' (C76) inhibition of tRNA'^"' aminoacylation are shown in Table 8. These results 
suggest that ValRS may have more than one tRNA binding site. Noncompetitive inhibition 
of tRNA^""' in aminoacylation is not unique to the mischarged tRNA inhibitors. The 
truncated tRNAs, tRNA^"' (-ACCA) and tRNA^"' (-CCA), are also noncompetitive 
inhibitors of tRNA^"' in aminoacylation (Table 8). 
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Figure 12. Rate of misacylation of wild type tRNA^"' with isoleucine (I OO^M) in the 
presence of a given valine concentration (0, 5, 10, 20, 40, 60, and 100 nM). 
VaIRS and tRNA concentrations were 0.1 r\d\i.L and 2 ^M, respectively. 
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Figure 13. Valyl-lRNA synthetase-catalyzed deacyiation of isoleucyl-tRNA^"' (squares) and 
valyl-tRNA^"' (diamonds). ValRS and aminoacyl-tRNA concentrations were 1.8 
fiM and 2 jiM, respectively. These results are corrected for nonenzymatic 
hydrolysis of aminoacyl-tRNA. 
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Figure 14. Lineweaver-Burk plot of the inhibition of valylation of wild-type tRNA^"' by 
threonyl-C76 tRNA^"'. No inhibitor, (triangles); 10 jiM threonyl-C76 tRNA^"', 
(squares); 20 jiM threonyl-C76 tRNA^"' (circles). These experiments were 
carried out at pH 6.5 to minimize spontaneous hydroysis of the aminoacyl bond. 
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Table 8. Kinetic parameters for inhibition of tRNA^"' aminoacylation by tRNAs 
Inhibitor Km Vnuuc K[ K[' 
(^iM) (nmol/min/mg) (^iM) (^iM) 
Thr-C76 tRNA^'*' 1.0 4.8 8.5 94.1 
tRNA^"'(-ACCA) 2.9 10.7 20.4 141 
tRNA"""'(-CCA) 3.4 12.2 28.8 148 
K[ and Kf were determined from the regression analysis using a statistical minitab program. 
The kinetic data are averages of two experiments. 
The Ki and Ki' values reveal that free ValRS has a greater affinity for Thr-tRNA^"' 
(C76) than does the enzyme when it is associated with another tRNA molecule. Ki is the 
dissociation constant for the enzyme/inhibitor complex, whereas Kf is the dissociation 
constant for the enzyme-substrate/inhibitor complex. Since K[' is 11 times greater than 
Ki for the inhibitor Thr- tRNA^"' (C76), VaIRS has a weaker affinity for the inhibitor when 
another tRNA substrate is bound to it. 
Search for Editing Recognition Elements in £*. coU tRNA^** 
Translational Editing Stimulated bv tRNA 
To minimize misactivation and misacylation errors, ValRS can catalyze editing 
reactions at two distinct steps (See Introduction). The enzyme can catalyze hydrolysis of 
misactivaled aminoacyl adenylate (pretransfer editing); this reaction is dependent on the 
presence of tRNA (Fersht and Kaethner, 1976). After the misactivated amino acid reacts 
with tRNA^"' to form a mischarged tRNA, the misacylated tRNA can be deacylated by 
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ValRS in a posttransfer editing reaction. The end result of ValRS catalyzed tRNA^"'-
dependent editing is the hydrolysis of adenosine triphosphate (ATP) to yield AMP + PP,. 
The tRNA-induced hydrolysis of ATP is a result of both pre- and posttransfer editing. In the 
presence of threonine, ValRS does not hydrolyze appreciable amounts of ATP unless E. coli 
tRNA^"' is present (Figure 15). E. coli tRNA^"' stimulates the ValRS-catalyzed hydrolysis of 
ATP in the presence of threonine, alanine, cysteine, serine, a-aminobutyrate, and norvaline 
(Figure 15 and Table 9). 
/:. coll tRNA^"' fails to stimulate the editing reaction (ATP hydrolysis) in the 
presence of several other amino acids; valine, isoleucine, leucine, glycine, asparagine, 
aspartic acid, glutamine, glutamic acid, lysine, phenylalanine, tyrosine, tryptophan, histidine, 
arginine, proline, methionine, ailo-threonine, threoninol, isoieucinol, D-threonine, D-valine, 
D-alanine, D-serine, and D-cysteine (Table 9). 
Role of the 3'-End of tRNA^** in Stimulating Translational Editing 
One way in which E. coli tRNA^"'editing recognition elements were identified was 
through testing the efficiency of in vitro transcribed tRNA^'*' variants in stimulating ATP 
hydrolysis by ValRS in the presence of threonine. When tRNA^"' variants have reduced 
efficiency in stimulating ATP hydrolysis, the site of the nucleotide substitution(s) can be said 
to be important for tRNA^"' recognition in the editing reaction. Previously, Tamura and 
coworkers (Tamura et al., 1994) reported the importance of the universally conserved 3'-end 
of tRNA^"*' for synthetase recognition in the editing reaction. The study of the 3'-end of 
tRNA^"' has been extended here to clearly define the role of the terminal end in synthetase 
recognition in the editing reaction. 
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Figure 15. Translational editing stimulated by wild-type tRNA^'*'. Reactions were carried 
out in the presence of 37 mM threonine, 2 pM ValRS, and varying concentrations 
of wild-type tRNA^"': 3 (diamonds); 2 ^iM (squares); 1 (triangles); no 
tRNA (circles). 
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Table 9. Comparison of the efficiency of amino acids and amino acid analogs in the 
hydrolysis of ATP" 
Amino Acids Rate of ATP Hydrolysis Relative Rate of ATP Hydrolysis 
(pmol/min) 
Threonine 357 (1.0) 
Valine -17.5 -0.05 
Alanine 46.6 0.13 
Serine 12.7 0.04 
Cysteine 102 0.29 
Isoleucine -20.4 -0.06 
Leucine -17.7 -0.05 
Glycine -9.8 -0.03 
Asparagine -13.0 -0.04 
Aspartic Acid -13.0 -0.04 
Glutamine -8.3 -0.02 
Glutamic Acid -26.8 -0.08 
Lysine -10.8 -0.03 
Phenylalanine -7.4 -0.02 
Tyrosine -11.3 -0.03 
T ryptophan -8.0 -0.02 
Histidine -11.1 -0.03 
Arginine -4.6 -0.01 
Table 9. (continued) 
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Amino Acids Rate of ATP Hydrolysis 
(pmol/min) 
Relative Rate of ATP 
Hydrolysis 
Proline -8.7 -0.02 
Methionine -8.3 -0.02 
a-Aminobutyrate 307 0.86 
Allo-threonine -4.7 -0.01 
Norvaline 7.3 0.02 
Threoninol -10.7 -0.02 
Isoleucinol -10.8 -0.03 
D-threonine -13.3 -0.04 
D-valine -22.1 -0.06 
D-alanine -8.3 -0.02 
D-serine -11.0 -0.03 
D-cysteine -6.8 -0.02 
No Amino Acid -13.9 -0.04 
No iRNA (threonine) -6 -0.01 
" ATP hydrolysis was monitored at ValRS, tRNA^"', and amino acid concentrations of ItiM, 
1 ^M, and 37 mM, respectively. 
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3'-Terminal Variants 
Base substitutions at the 3'-terminal position of tRNA^"' allow VaIRS to misacylate 
tRNA^"' with noncognate amino acids (Table 6). To further investigate the role of the 3'-
adenosine of tRNA^'"' in the editing reaction, the ability of 3'-terminal variants of tRNA^^' to 
stimulate VaIRS catalyzed transiational editing (hydrolysis of ATP) in the presence of 
threonine was tested (Table 10). Base changes at the 76 position of tRNA^'^ produce tRNA 
variants unable to stimulate the transiational editing reaction (Table 10). However, tRNA^^'s 
terminating in a U or C have 15 to 50 percent the aminoacylation efficiency of wild type 
tRNA^'"' (Liu and Horowitz, 1994; Table 10). Because 3'-U or 3'-C variants of tRNA^"' 
affect the aminoacylation and editing reactions differently, the 3'-terminal nucleotide of 
tRNA^"' is recognized differently in these reactions (See Discussion). 
Table 10. Efficiency of 3'-terminal variants of tRNA'^"' in stimulating transiational editing 
by VaIRS in the presence of threonine 
tRNA^"' Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Rate of 
Aminoacylation'' 
Wild type 
tRNA"'"^ 
845 (1.0) (1.0) 
U76 -25 -0.03 0.15 
C76 -88 -0.10 0.16 
G76 -29 -0.03 0.01 
No tRNA -51 -0.06 -
" Results were obtained from Figure 6 and Table 3 and are shown here for comparison. 
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Variants with Substitutions for the Penultimate Cvtidines and the Discriminator Base 
The effects of tRNA^""' variants with base changes at positions 73, 74, and 75 in 
stimulating ATP hydrolysis in the presence of threonine were monitored (Table 11). 
The results indicate that the discriminator base (#73) and the cytidine residues at the 
conserved 3'-end of tRNA^"' are not essential for stimulation of the editing reaction. 
Substitution of CIS with U or A produces tRNA variants that fimction effectively in the 
editing reaction, with little decrease in the rate of ATP hydrolysis relative to wild type 
tRNA^'*' (Table 11). However, changing C75 to G75 causes a 96 percent reduction in the 
editing activity of the tRNA^'*' variant. Replacement of C74 with any nucleotide yields 
tRNA variants that function with little reduction in the editing activity. Substitution of the 
discriminator base, A73, with U or C does little to decrease the editing activity. Changing 
A73 to a G73, however, decreases the rate of ATP hydrolysis relative to wild type tRNA^"' 
by 93 percent. Although tRNA^"' variants with G73 or 075 only poorly stimulate the ValRS 
catalyzed hydrolysis of ATP, these tRNAs are not mistakenly aminoacylated with threonine 
(Figure 16). 
tRNAs with Truncated 3'-Ends 
Truncated tRNA^'^'s were prepared to further define the function of the 3-end of 
tRNA^"' in the aminoacylation and editing reactions. Although tRNA^^'s lacking 3 -ACCA 
or 3 -CCA are not aminoacylated with valine, these truncated tRNAs do inhibit 
aminoacylation of tRNA^^' (Table 8), implying they are recognized by ValRS. Transfer 
RNAs missing the 3-ACCA and 3-CCA ends do not stimulate the ValRS-catalyzed 
hydrolysis of ATP (Table 11). However, as with aminoacylation, the truncated tRNA 
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Table 11. Efficiency of 73, 74, and 75 mutants of tRNA^"' and of 3'- end truncated tRNA^"' 
in stimulating hydrolysis of ATP by VaIRS in the presence of threonine 
tRNA^"' Variant 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Aminoacylation 
Efficiency ® 
( Vnja.\/Kni) 
Wild Type 997 (1.0) (1.0) 
U75 790 0.76 0.31 
A75 903 0.87 0.42 
G75 41.4 0.04 0.01 
U74 924 0.93 0.33 
A74 981 0.98 0.86 
G74 810 0.81 1.1 
U73 844 0.85 0.31 
C73 886 0.89 0.44 
G73 659 0.07 0.026 
-CCA -12.8 -0.01 ND'= 
-ACCA -14.5 -0.01 ND 
No tRNA -89.8 -0.09 ND 
" Results were obtained from Liu and Horowitz, (1994) and shown are here for comparison. 
Wild-type IRNA'^'^' has A76, C75, C74 and A73. 
ND indicates no detectable aminoacylation. 
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Figure 16. Aminoacylation and misacylation of tRNA^"' variants. Aminoacylation with 
valine; wild-type tRNA^"' (closed diamonds); G73 mutant (closed triangles); G75 
(closed squares). Misacylation with threonine; wild-type (open diamonds); G73 
mutant (open triangles); G75 mutant (open squares). 
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molecules inhibit the editing reaction of VaIRS (Figure 17). Clearly, the site of amino acid 
attachment on tRNA^"' is required for both the aminoacylation and editing reactions. This 
result provides additional evidence suggesting ValRS catalyzed editing occurs after the 
transfer of amino acid to tRNA^"' (See Discussion). 
Role of the Synthetase Recognition Nucleotides in Translationai Editing 
Several synthetase recognition nucleotides of tRNA^"' have been discovered. A35 
and C36 are major contributors to tRNA recognition, and A73, G20, and 045 are minor 
recognition nucleotides for VaIRS (Tamura et ai, 1991; Chu et al., 1991; Liu, 1995; 
Horowitz el al., 1999). The role of these nucleotides in the tRNA-stimulated editing reaction 
(ATP hydrolysis) is explored in these experiments. 
E. coli tRNA^^"' 
Anlicocion mutants 
Base changes at positions 35 and 36 in tRNA^"' have deleterious effects on tRNA 
recognition in the aminoacylation reaction (Horowitz et al., 1999; Table 12). To determine 
the importance of nucleotides A35 and C36 in the editing reaction, tRNA^"' variants with 
base changes at these positions were tested for their editing efficiency (Table 12). 
Replacement of A35 with G yields a tRNA with a large, 95 percent, reduction in stimulating 
the rate of ATP hydrolysis by VaIRS in the presence of threonine, relative to tRNA^'*'. 
Changing C36 to U36 also produces a tRNA with decreased ability to stimulate ATP 
hydrolysis. The tRNA^"' with U36 stimulates the hydrolysis of ATP only 7 percent relative 
to that of tRNA^"'. 
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Figure 17. Inhibition by truncated tRNAs of wild-type tRNA^^'-stimulated translational 
editing by ValRS in the presence of threonine. No inhibitor (diamonds); tRNA^"' 
(-ACCA) ( triangles); tRNA^"' (-CCA) (squares); no tRNA (circles). ValRS, 
wild-type tRNA^''*, and inhibitor concentrations were 2 pM, 1 ^M, and 10 ^iM, 
respectively. 
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Table 12. Efficiency of tRNA^"' anticodon variants in stimulating translational editing by 
ValRS in the presence of threonine 
tRNA^"' Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Aminoacylation 
Efficiency" 
(V™,/K„) 
Wild type 
tRNA"^"^ 
820 (1.0) (1.0) 
035 43.9 0.05 7.5 X 10^' 
U36 54.6 0.07 0.00086 
No tRNA -43.8 -0.05 -
Results were obtained from Horowitz et ai, (1999) and are shown here for comparison. 
Variable pocket mutants 
Study of the effect on editing activity of nucleotide substitutions in the variable 
pocket (a region formed by the interaction of the D-arm, variable loop, and T-arm) reveals 
the minor contribution of positions 20 and 45 to the efficiency of tRNA^"' in stimulating the 
editing reaction of ValRS in the presence of threonine. Replacing G at position 20 of 
tRNA^'*' with other nucleotides results in a 79 to 89 percent reduction in editing efficiency in 
comparison to wild-type tRNA^"' (Table 13). Base changes to U or A at position 45 of 
tRNA^"*' produce variants with a more modest 48 to 51 percent reduction in the tRNA's 
editing efficiency (Table 14). 
Base substitutions at positions 20 and 45 of the variable pocket of E. coli tRNA^"' 
have similar affects on the efficiency of tRNA^"' in aminoacylation and editing. 
Replacement of G20 in the D-loop of tRNA^"' by any other nucleotide yields tRNA^"' 
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Table 13. Efficiency of position 20 tRNA^^' variants in stimulating translational editing by 
ValRS in the presence of threonine 
tRNA^"' Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Aminoacyiation 
EflRciency ® 
( Vmax/Km ) 
Wild type 
tRNA'^''^ (G20) 
1272 (1.0) (1.0) 
U20 151 0.11 0.31 
A20 313 0.18 0.39 
C20 274 0.21 0.28 
No tRNA -56 -0.04 -
•' Results were obtained from Horowitz ei al., (1999) and are shown here for comparison. 
Table 14. Efficiency of position 45 tRNA^'*' variants in stimulating translational editing by 
VaIRS in the presence of threonine 
tRNA^"' Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Aminoacyiation 
Efficiency" 
( Vniax'T^m ) 
Wild type 
tRNA^"^ (G45) 
715 (1.0) (1.0) 
U45 441 0.62 0.57 
A45 351 0.49 0.48 
No tRNA -72 -0.10 -
" Results were obtained from Horowitz et al., (1999) and are shown here for comparison. 
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mutants that retain only 28 to 39 percent aminoacylation activity compared to wild-type 
tRNA^"' (Table 13). Changes of G45 in the variable loop of tRNA^"' to U or A produce 
tRNA variants with aminoacylation activity 43 to 52 percent lower than that for wild-type 
tRNA^"'(Table 14). 
Anticodon stem and acceptor stem mutants 
ValRS directly contacts the anticodon and acceptor stems of E. coli tRNA^"' 
(Horowitz et al., 1999). Results of mutational analysis of base pairs in the anticodon and 
acceptor stems are presented in Table 15. Mutating U29:A41 to C29:G41 produces a tRNA 
variant that is inactive in stimulating editing by ValRS in the presence of threonine (Table 
Table 15. Efficiency of anticodon stem and acceptor stem tRNA^"' variants in stimulating 
translational editing by ValRS in the presence of threonine 
tRNA^''" Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Aminoacylation 
Efficiency 
(V™.,/K„) 
Wild tvpe 
tRNA'^"^ 
964 (1.0) (1.0) 
U29:A41^ 
C29:G41 
-34 -0.04 0.022 
U4:A69-^ 
G4:U69 
172 0.18 0.026 
U4;A69^ 
U4;G69 
429 0.45 0.17 
No tRNA -104 -0.11 -
" Results were obtained from Horowitz et al., (1999) and Liu et al.^ (1997) and are shown 
here for comparison. 
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15). Furthermore, this anticodon stem variant of tRNA^^' is a poor substrate for ValRS in 
aminoacyiation (Horowitz et al., 1999; Table 15). 
ValRS recognition of E. coli tRNA^"' is also sensitive to distortions in the acceptor 
hehx brought about by a G:U base pair (Liu et al., 1997). Replacing the U4:A69 base pair of 
E. coli tRNA^"' with G4;U69 results in a 6-fold reduction in editing activity relative to wild-
type tRNA^'"' (Table 15). The tRNA^"' variant with U4:G69 is more active in stimulating 
editing; it has 45 percent the activity of wild-type tRNA^"' (Table 15). Both of these 
acceptor stem mutants have poor aminoacyiation activity, but the U4;G69 variant is more 
active (Liu et al., 1997; Table 15). 
/:'. coli tRNA^"' Lsoacceptors 
There are three isoaccepting valine tRNAs in E. coli. These differ somewhat in 
primar\' sequence (Figure 5). The D-loop of tRNA2^''' (GAC) and tRNAS^'*' (GAC) has 9 
nucleotides and differs from tRNAl in having U16 in place of C16 and U20U20a instead 
of G20. The T-loops differ from tRNAl in having G59 and U60 in place of U59 C60. 
The D-loop and T-loop of tRNAs interact to form the outside comer of the L-shaped tRNA 
molecule. To explore the significance of this interaction in the editing reaction, the D-loop 
and T-loop of the minor E. coli tRNA '^'* isoacceptors were systematically transplanted into E. 
coli tRNAl (UAC). This substitution results in a 40 and 36 percent reduction in the 
aminoacyiation and editing activity, respectively, of the tRNA (Table 16). Transplanting the 
T-loop of tRNA2,3^'''(GAC) into the T-loop of tRNAl^"' (UAC) causes a modest reduction 
in the aminoacyiation and editing activity of tRNAl (UAC) (Table 16). This T-Ioop 
tRNAl (UAC) variant has only a 5 and 34 percent reduction in aminoacyiation and editing 
efficiency, respectively, relative to wild-type tRNAl^"' (UAC) (Table 16). Replacing both 
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Table 16. Efficiency D-loop and T-loop E. coli tRNA^"' variants in stimulating translational 
editing by VaIRS in the presence of threonine 
tRNA^"' Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Rate of 
Aminoacylation 
(pmol/min) 
Relative Rate of 
Aminoacylation 
Wild type 
tRNA"^^^ 
2558 (1.0) 3.640 (1.0) 
U16 + U20U20a 1383 0.54 2.202 0.60 
G59 - U60 1695 0.66 3.466 0.95 
U16^ U20U20a + 
059 + U60 
1090 0.43 2.194 0.60 
No tRNA -31 -0.01 - -
the D-loop and T-loop of tRNAl^®' (UAC) with those of tRNA2,3^'''(GAC) affects the 
aminoacylation and editing activity of the tRNA variant to approximately the same extent. 
These base changes in tRNAl (UAC) reduce the aminoacylation activity by 40 percent and 
the editing activity by 57 jsercent relative to wild-type tRNA^^' (Table 16). Evidently, the D-
loop/T-loop interactions of E. coli tRNAl^"' (UAC) are not important for tRNA recognition 
by ValRS in editing or aminoacylation. 
Noncognate tRNAs 
The primary sequence of tRNAs varies significantly from one tRNA to the next. To 
continue to define the tRNA^®' nucleotide requirements for synthetase recognition in the 
translational editing reaction, noncognate tRNAs were converted into viable substrates for 
editing. In doing so, we hoped to identify nucleotide differences between tRNA^"' and 
noncognate tRNAs that are responsible for editing activity. ValRS aminoacylation 
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recognition nucleotides of tRNA^"' were inserted into the framework of noncognate tRNAs 
to convert them into more viable substrates for editing. This approach has been successfully 
used to identify the editing recognition elements of E. coli tRNA"*"' (Hale et ai, 1997). 
E. coll tRNA^'" 
The nucleotide sequence of E. coli tRNA^*"" differs from that of E. coli tRNA^"' at 32 
positions, including most of the acceptor stem, the anticodon stem, and T-stem (Figure 18). 
/:. coli tRNA^^*^ has two of the five tRNA^^' synthetase recognition nucleotides essential for 
aminoacylation, A35 and A73. E. coli tRNA^^" has a A36 in place of C36, U20 in place of 
G20, and U45 instead of G45. Wild type E. coli tRNA'''"^ (GAA) is not a substrate for 
aminoacylation by VaIRS (Horowitz et al., 1999; Table 17). Insertion of C36, G20, and G45 
into /:. coli tRNA''^'"" produces a tRNA that is inactive in both aminoacylation and editing 
(Table 17). Additional base changes in the anticodon arm and variable loop of E. coli 
tRNA''^*"" were made to improve its editing efficiency and pinpoint nucleotides essential for 
enzyme recognition in the editing reaction. 
Mutation of the anticodon stem base pair U29:A41 to a C;G base pair results in a 98 
percent decline in the aminoacylation efficiency of E. coli tRNA^"' largely due to a 18-fold 
increase in the Km (Liu, 1997; Horowitz et ai, 1999). This tRNA^"' variant has a G;C rich 
anticodon stem much like that of E. coli tRNA^^*^ (Figure 18). The G;C rich anticodon stem 
of A. coll tRNA* '"'" may interfere with productive VaIRS/ tRNA interactions. Swapping the 
phenylalanine anticodon arm for the valine anticodon arm in the E. coli tRNA''^'^ framework 
(with the aminoacylation recognition nucleotides C36 and G20 present) improves 
aminoacylation efficiency to 37 percent that of wild-type tRNA^"' with no improvement in 
editing efficiency (Table 17). 
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Figure 18. Nucleotide sequence of A', to// tRNA^"'(UAC anticodon) and /•-'. coli tRNA'*'"' (GAA anticodon). Shaded boxed 
areas indicate nucleotide differences. 
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Table 17. Efficiency E. coli tRNA'''"^ variants in stimulating translational editing by ValRS 
in the presence of threonine 
tRNA Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative 
Rate of ATP 
Hydrolysis 
Relative Aminoacylation 
Efficiency" 
(Vmax/Km ) 
Wild type 
tRNA"^"^ (UAC) 
871 (1.0) (I.O) 
Wild Type tRNA''^'^ 
(GAA) 
-84 -0.10 0 
tRNA'''"'-" (GAC) G20 + 
G45 
-22 -0.03 0.03 
tRNA*''"'-" (GAC) G20 + 
Val anticodon arm 
10 0.01 0.37 
tRNA*'"'-" (GAC) G20 + 
G45 + 
Val ac stem +Phe loop 
661 0.76 0.83 
tRNA'''"-" (GAC) G20 
-^G45 + Val anticodon arm 
893 1.03 1.04 
No tRNA -127 -0.14 -
Results were obtained from Horowitz et al, (1999) and are shown here for comparison. 
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Introducing a U45 to G45 mutation into the tRNA*^ framework (with the 
aminoacyiation recognition nucleotides C36 and G20 and valine anticodon arm present) fully 
restores both aminoacyiation and editing activities to the level of wild-type tRNA^®' (Table 
17). Insertion of045 into E. coli tRNA'''""" (with the aminoacyiation recognition nucleotides 
C36 and G20 and valine anticodon stem present) also improves aminoacyiation and editing 
efficiencies to 83 and 76 percent, respectively, relative to those of wild-type tRNA^"' (Table 
17). These results show that G45 is important for conferring the translational editing 
response in the framework of E. coli tRNA^'^'"". 
E. coh IRNA"" 
E. coli tRNA"*"" was successfully converted into a good acceptor of valine (Table 2). 
In doing so, the importance of an undistorted acceptor helix, the valine anticodon stem, and 
nucleotides G20 and C36 in the recognition of tRNA^"' by ValRS was verified. By 
systematically inserting these aminoacyiation recognition elements into the framework of E. 
coli tRNA"*"", the effects of the aminoacyiation recognition elements on the editing reaction 
were examined in the framework of another noncognate tRNA. The nucleotide sequence of 
E. coli tRNA"" differs from that of E. coli tRNA^"' at 28 positions in every region of the 
tRNA molecule (Figure 5). Because of this, E. coli tRNA"'"" was also used to test the 
importance of several nucleotides in ValRS recognition of tRNA^"' in the translational 
editing reaction. 
Wild-type E. coli tRNA"*"" does not stimulate the ValRS-catalyzed hydrolysis of ATP 
(in the presence of threonine) nor does it accept valine (Table 18). Replacing U36 of E. coli 
tRNA"*^ with C36 improves the aminoacyiation and editing efficiency of the noncognate 
tRNA to a level only 5 percent that of wild-type tRNA^"' (Table 18). A G:U base pair in the 
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Table 18. Efficiency E. coli tRNA"*^ variants in stimulating translational editing by ValRS 
the presence of threonine 
tRNA Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Rate of 
Aminoacylation 
Wild type 
tRNA^"^ (UAC) 
Wild tvp>e 
tRNA'^'-'CGAU) 
tRNA"*-' (GAC) 
tRNA"'' (GAC) A68 
tRNA""" (GAC) 
Valine Anticodon Stem 
iRNA"*-" (GAC) A68 + 
Valine Anticodon Stem 
tRNA"*-" (GAC) G20 + 
Valine Anticodon Stem 
tRNA"*-' (GAC) 
G20 + A68 + 
Valine Anticodon Stem 
527 
26 
36 
71 
84 
200 
251 
(1.0) 
-0.01 
0.05 
0.07 
0.13 
0.16 
0.38 
0.48 
(1.0) 
-0.002 
0.05 
0.08 
0.19 
0.31 
0.45 
0.70 
No tRNA -0.01 
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vicinity of position 4:69 has negative effects on E. coli tRNA^®' recognition by ValRS in the 
aminoacylation reaction (Liu et al., 1997). When the U5:G68 base pair of E. coli tRNA"*^ 
(GAC) is converted to a U5:A68 Watson-Crick base pair by mutation of G68 to A68, the 
aminoacylation activity of the tRNA increases only slightly (Table 18). A similar modest 
improvement is observed in the ability of the tRNA to stimulate editing (Table 18). 
Conformation of the anticodon stem of tRNA^"' also plays a role in ValRS 
recognition in the aminoacylation reaction; tRNAs with G:C rich anticodon stems are poor 
acceptors of valine (Horowitz et al., 1999). E. coli tRNA"*"" has a G:C rich anticodon stem. 
Replacing the anticodon stem of E. coli tRNA"*^ (GAC) with that of tRNA^^' improves the 
aminoacylation and editing-stimulatory activities of the tRNA"" variant only moderately, to 
19 and 13 percent that of E. coli tRNA^''', respectively (Table 18). The combined effect on 
the aminoacylation and editing-stimulatory activity of tRNA"""' of inserting the valine 
anticodon stem and A68 into E. coli tRNA"" is a further moderate improvement of 
aminoacylation and editing efficiency to 31 and 16 percent that of tRNA^'*', respectively 
(Table 18). 
Hale et al. (1997) found that E. coli isoleucyl-tRNA synthetase requires discrete 
aminoacylation and editing recognition elements in tRNA"". They showed that the correct 
D-loop of E. coli tRNA"" is necessary for stimulating the editing reaction of isoleucyl-tRNA 
synthetase, although the D-loop of tRNA"" is not an aminoacylation recognition requirement 
of the enzyme. In the present study, we examine the role of the D-loop of E. coli tRNA^"' in 
stimulating the editing reaction by ValRS in the presence of threonine. 
/:'. coli tRNA"" has nine nucleotides in its D-loop whereas the D-loop of E. coli 
tRNA^"' has only eight nucleotides (Figure 5); E. coli tRNA"" has U20U20a in place of the 
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G20 of tRNA^'*'. Replacing U20U20a of E. coli tRNA""^ (GAC) (having the valine anticodon 
stem) with the minor aminoacylation recognition nucleotide of tRNA^"', G20, produces a 
tRNA"*^ variant that is a good substrate for ValRS in aminoacylation and in editing (Table 
18). In fact, the aminoacylation activity of this tRNA"*^ variant improves to 45 percent, and 
the editing-stimulatory activity rises to 38 percent to that of tRNA^®' (Table 18). Further, 
substitution of A68 for G68 in E. coli tRNA"' (GAC) (with the valine anticodon stem and 
G20) improves its aminoacylation and editing efficiency further. The valine accepting 
activity of the tRNA"*"" mutant is now 70 percent that of wild-type tRNA^"*', and the editing-
stimulatory activity increases to 48 percent that of wild-type tRNA^®'. These results show 
that changes in E. coli tRNA"*""; U36 to C36, U20U20a to G20, changing the G:C rich 
anticodon stem of tRNA"*^ to the valine anticodon stem, and elimination of the G:U base pair 
in the acceptor stem, convert the tRNA to a good substrate for ValRS in the aminoacylation 
and the editing reactions. 
Doing the converse experiment, converting the D-loop of E. coli tRNA^"' into the D-
loop of E. coli tRNA"" lowers the aminoacylation and editing activity of tRNA^"'. tRNA^"' 
with G16 and U20U20a is active in the aminoacylation and editing-stimulatory reaction with 
efficiencies relative to wild-type tRNA^"' of 44 and 57 percent, respectively (Table 19). 
These results show the nucleotide differences between the D-loop of E. coli tRNA"'"" and the 
D-loop of E. coli tRNA^''' are neither necessary for tRNA^'*' activity in stimulating the 
editing reaction of ValRS, nor do they constitute discrete ValRS editing recognition 
nucleotides. Note the resemblance of the D-loop of tRNA"*"" to those of the minor tRNA^"' 
isoacceptors (Figure 5), and the effects of enlarging the D-loop of tRNAl on 
aminoacylation and editing efficiency (See Table 16). 
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Table 19. Efficiency D-loop E. coli tRNA^"' variants in stimulating translational editing by 
VaIRS in the presence of threonine 
tRNA^'^ Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Aminoacylation 
Efficiency 
(Vmax/Km) 
Wild type 
tRNA"^"^ 
862 (1.0) (I.O) 
G16 + U20U20a 492 0.57 0.44 
No tRNA -75 -0.09 
-
E. coli tRNA^'" 
Additional experiments were performed with E. coli tRNA"^" to explore the effects of 
aminoacylation recognition nucleotides in the framework of still another noncognate tRNA. 
The sequence of E. coli tRNA'^ differs fi'om E. coli tRNA^"' at only 19 positions (Figure 
19). In fact, E. coli tRNA'^ has all but one E. coli tRNA^"' aminoacylation recognition 
nucleotides; it has G35 in place of the A35 of tRNA^"'. Wild type coli tRNA^'' is not a 
substrate for ValRS (Liu et al., 1997). Replacing G35 of E. coli tRNA'^'^ with A35 improves 
aminoacylation and editing-stimulatory efficiencies, but only to 14 and 8 percent, 
respectively, relative to those of wild-type tRNA^"' (Table 20). 
Structural distortions in the acceptor helix of E. coli tRNA^"' have been shown to 
significantly decrease the aminoacylation efficiency of the tRNA. The adverse effects of 
G:U base pairs are due to perturbations of helix structure in the vicinity of position 4:69 (Liu 
el al., 1997). E. coli tRNA'^" has a G;U base pair at position 3:70. Substitution 
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Figure 19. Nucleolidc sequence of /•;, coli IRNA'"''(UAC aniicodon) and /•;. ai/i IRNA*'" (UGC anticodon). Shaded boxed 
areas indicate nucleotide ditTcrences. 
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Table 20. Efficiency E. coli tRNA'^ variants in stimulating translational editing by ValRS 
in the presence of threonine 
tRNA Variants 
Rate of ATP 
Hydrolysis 
(pmol/min) 
Relative Rate of 
ATP Hydrolysis 
Relative Aminoacylation 
Efficiency" 
(Vfnax/Km) 
Wild type 
tRNA'^"^ (UAC) 
794 (1.0) (1.0) 
Wild type 
tRNA'^^ (UGC) 
-59 -0.07 0 
tRNA'^*^ (UAC) 114 0.14 0.078 
tRNA"^^ (UAC) 
A3;U70 
351 0.44 1.06 
No tRNA -64 -0.08 -
" Results were obtained from Liu et ai, (1997) and are shown here for comparison. 
of G3:U70 with A3:U70 in E. coli tRNA'^'' restores the valine accepting activity of the 
noncognate tRNA to the level of wild-type tRNA^"' (Liu ei al., 1997; Table 20). The same 
base pair substitution in E. coli tRNA'^" causes a more modest improvement in the editing-
stimulatory efficiency, to a level 44 percent that of wild-type tRNA^^' (Table 20). 
Functional Groups of the 3'-Termiii«l Base of tRNA^"* Required for Stimulating 
Translational Editing 
Our evidence indicates that substitutions for the 3'-terminal adenosine of tRNA^"' 
affects aminoacylation and editing differently. Replacing the 3'-terminal adenosine with 
cytidine or uridine produces tRNA^"' variants that are active in aminoacylation, but inactive 
in stimulating translational editing (Liu and Horowitz, 1994; Table 10). tRNA''''' terminating 
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with guanosine is poorly active in aminoacylation and in stimulating the ValRS-catalyzed 
hydrolysis of ATP (Liu and Horowitz, 1994; Table 10). tRNA^"' (G76) mischarged with 
threonine is deacylated by VaIRS (Figiire 9). These results indicate a purine (A or G) at 
position 76 is necessary for the editing reaction catalyzed by ValRS. The goal of this study is 
to identify the specific functional groups of the S'-terminal base required by ValRS for the 
translationai editing reaction. 
Base Analogs 
Substituting 7-deazaadenosine and 3-deazaadenosine, which have the N7 and N3 ring 
nitrogens replaced by carbons, into the 3'-terminal position of E. coli tRNA^"' tested the 
involvement of the N7 and N3 ring nitrogens in the editing reaction. Both the 7-deazaA76 
and 3-deazaA76 tRNA^®' variants are good substrates for ValRS in translationai editing 
(Figure 20 and Table 21) and in aminoacylation (Figure 6 and Table 3). E. coli tRNA^"' with 
a 3'-terminal 7-deazaadenosine stimulates the ValRS catalyzed hydrolysis of ATP 77 percent 
as efTlciently as wild-type tRNA^"' (Figure 20). This E. coli tRNA^"' variant is 49 percent as 
active as the wild-type tRNA^"' in the aminoacylation reaction (Figure 6 and Table 3). 
Substituting 3-deazaadenosine into the 3'-terminal position of tRNA^"' results in only a 3 
percent reduction in editing efficiency (Figure 20 and Table 21) and a 38 percent reduction in 
aminoacylation efficiency (Figure 6 and Table 3) relative to wild-type tRNA^"'. These 
results indicate the N7 and N3 ring nitrogens of the 3'-terminaI adenosine are not essential 
for recognition of tRNA^"' by ValRS in the aminoacylation or the translationai editing 
reactions. 
The functional groups of the purines, isoguanosine and xanthosine, resemble those in 
the pyrimidines, cytidine and uridine, respectively (Figure 20). Although E. coli tRNA^"' 
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Figure 20. Chemical structure of nucleobases and their effect when inserted at the 3'-end of 
/:. coli tRNA^"' replacing A76 on the ability of the tRNA to stimulate the editing 
activity (ATP hydrolysis) of VaIRS in the presence of threonine. Numbers show 
the ATP hydrolysis rate relative to that of wild-type tRNA^"'. 
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Table 21. Efficiency of base analog substituted 3'-terminal variants of £. coli tRNA^"' in 
stimulating the translational editing reaction of ValRS in the presence of 
threonine 
Analog Substitution Rate of ATP Hydrolysis 
(pmol/min) 
Misacylation with Threonine 
(pmol/A26o) 
Adenosine 845 0" 
Cytidine -88 1312" 
Uridine -25 1628" 
Guanos ine -29 36" 
7-Deazaadenosi ne 654 12 
3-Deazaadenosine 823 6 
Isoguanosine 169 381 
Xanthosine 10.2 34 
Purine Riboside 675 14 
2,6-Diaminopurine 208 9 
2-Aminopurine 20 429 
Inosine 17 153 
7-Deazaguanosine -48 12 
No tRNA -51 -
Results were obtained from Table 6 and are shown here for comparison. 
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terminating vvnth cytidine or uridine (pyrimidines) are inactive in stimulating the editing 
reaction (Figure 20 and Table 21), these tRNA^"' variants have 15-50% the aminoacylation 
activity of wild-type tRNA^"' (Liu and Horowitz, 1994; Figure 6 and Table 3). Substituting 
the 3'-terminal position of tRNA^''' with isoguanosine yields a tRNA^"' variant with 20 
percent of the editing-stimulatory efficiency of wild-type tRNA^^' (Figure 20 and Table 21), 
and 17 percent of the aminoacylation efficiency of wild-type tRNA^"' (Figure 6 and Table 3) 
E. coli tRNA^"' terminating with xanthosine also has poor aminoacylation (Figure 6 and 
Table 3) and editing-stimulatory activity (Figure 20 and Table 21). Although the functional 
groups of isoguanosine and xanthosine resemble those of cytidine and uridine, respectively, 
/:. coli tRNA^"' terminating with purines stimulate editing whereas tRNAs terminating with 
pyrimidines are inactive in stimulating editing. These results confirm the importance of a 
purine at the 76 position of tRNA^"*' for VaIRS recognition in editing. 
Other purine analogs substituted at the 3'-tenninal position of tRNA^"' include purine 
riboside, 2,6-diaminopurine, 2-aminopurine, and inosine (Figure 20). E. coli tRNA^"' 
terminating with purine riboside or 2,6-diaminopurine effectively stimulate the translational 
editing reaction, 80 and 25 percent that of wild-type tRNA^"', respectively (Figure 20 and 
Table 21). Substituting 2-aminopurine or inosine into E. coli tRNA^"' produces tRNA 
variants with a 50-fold reduction in editing-stimulatory activity relative to wild-type tRNA^"' 
(Figure 20 and Table 21). E. coli tRNA^®' variants that are active in stimulating translational 
editing (Figure 20 and Table 21) are also active in the aminoacylation reaction (Figure 6 and 
Table 3). However, tRNAs terminating in inosine and 2-aminopurine are moderately active 
in accepting valine (Figure 6 and Table 3) but are inactive in translational editing (Figure 20 
and Table 21). 
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ValRS does not stably misacylate wild-type tRNA^®' (See Introduction). However, 
tRNAs substituted at the 3'-terminal position with isoguanosine, 2-aininopurine, and inosine 
are misacylated with threonine to levels of 381,429, and 153 pmol/A26o, respectively (Table 
21). Each of these analog substituted tRNAs is a poor substrate for ValRS in editing, 
stimulating ATP hydrolysis less than 20 percent as efficiently as wild-type tRNA^"' (Figure 
20 and Table 21). Replacing the 3'-terminal adenosine of tRNA^"' with 7-deazaadenosine, 3-
deazaadenosine, purine riboside, 2,6-diaminopurine, xanthosine, and 7-deazaguanosine 
yields tRNAs that are poorly misacylated, with levels of threonine incorporation reaching 
only 34 pmol/A26o (Table 21). 
Sugar Analogs 
The role of the 3'-terminal ribose of E. coli tRNA^"' in translational editing was 
investigated by substituting 3'-deoxyadenosine, 2'-deoxyadenosine, and 2', 3'-
dideoxyadenosine into the 3'-terminal posidon of tRNA^"'. Although the rate of 
aminoacylation of E. coli tRNA^"' with a 3'-deoxyA76 is 17 percent that of wild-type 
tRNA^"' (Figure 7 and Table 4), it does not stimulate the translational editing reaction 
(Figure 21 and Table 22) even at a higher (5 ^M) tRNA concentration (results not shown). 
Both 2'-deoxyA76 and 2',3'-dideoxyA76 tRNA^^"' variants do not stimulate the translational 
editing reaction (Figure 21 and Table 22). These results indicate that both the 3'- and 2'-
hydroxyl groups at the 3'-end of tRNA^"' are essential to ValRS recognition in the 
translational editing reaction. 
The need for the 3'-hydroxyl group at the 3'-terminal nucleoside of tRNA^"' for 
translational editing by ValRS was confirmed, when tRNA^®' with 3'-deoxyA76 was found to 
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Figure 21. Chemical structure of sugar analogs and their effect when inserted at the 3'-end of 
coli tRNA^"' replacing A76 on the ability of the tRNA to stimulate the editing 
activity of ValRS in the presence of threonine. Numbers show the ATP 
hydrolysis rate relative to that of wild-type tRNA^'*'. 
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Table 22. Efficiency of sugar analog substituted 3'-terminal variants of E. coli tRNA^®' in 
stimulating the translational editing reaction of VaIRS in the presence of 
threonine 
Analog Substitution Rate of ATP Hydrolysis 
(pmol/min) 
Misacylation with Threonine 
(pmol/A26o) 
Adenosine 745 10 
3 '-Deoxyadenosine -14 408 
2'-Deoxyadenosine 1.8 151 
2',3 '-Dideoxyadenosine 48 163 
No tRNA -0.07 -
be stably misacylated with threonine (Table 22). Like wild-type tRNA^"', E. coli tRNA^^' 
terminating with 3'-deoxyA76 can be fully aminoacylated with valine (Table 5), but, unlike 
wild-type tRNA^"', it is misacylated with threonine (Table 22); as much as 25 percent of the 
3'-deoxyA76 tRNA^"' is misacylated with threonine (Table 22). Clearly, productive ValRS 
recognition of the 3'-hydroxyl group of the 3'-terminal ribose of E. coli tRNA^*"' is necessary 
for preventing ValRS catalyzed aminoacylation errors. 
Threonyl-tRNA^"' terminating with 3'-deoxyadenosine is only slowly deacylated by 
ValRS (Figure 22). The slow posttransfer editing of threonyl-3'-deoxyA76 tRNA^"' may 
account for the high level of mischarging of this tRNA^"' variant (Table 22). Furthermore, 
valyl-tRNA^"' terminating with 3'-deoxyadenosine is deacylated much more slowly than 
valyl-wild-type tRNA^"' (Figure 22). 
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Figure 22. Valyl-tRNA synthetase-catalyzed deacylation of threonyl- and valyl-tRNA^"' 
variants: valyl-3'-deoxyA76 tRNA^"*' (diamonds); valyl-wild type tRNA^"' 
(squares); threonyl-3'-deoxyA76 tRNA^"' (open circles); and no enzyme (valyl-
wald type tRNA^"') (triangles). ValRS and aminoacyl-tRNA concentrations were 
300 nM and 2 ^M, respectively. 
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Chemical modification of the 3-terminal ribose of E. coli tRNA^"' also shows that 3'-
terminal ribose of tRNA^"' is essential to ValRS recognition in aminoacylation and editing. 
Altering the 3 -terminal ribose of tRNA^®' by oxidation converts C2 and C3 from secondary 
alcohols to aldehydes (Figure 21). This chemical modification eliminates the valine 
accepting activity (Figure 7 and Table 4) and the editing-stimulatory activity (Figure 21 and 
Table 23) of the modified tRNA. Reduction of the oxidized tRNA^"' produces tRNAs (oxi-
red) with primary alcohols at C2 and C3 on the ribose group at the 3'-end (Figure 21). 
Although this chemically changed tRNA has free hydroxyl groups at C2 and C3, it is not 
aminoacylated by ValRS (Figure 7 and Table 4). Furthermore, E. coli tRNA^"' with 3'-
terminal adenosine„xi-r«i does not stimulate the editing reaction (Figure 21 and Table 23). 
Table 23. Efficiency E. coli tRNA^"' variants with chemically modified 3'-terminal ribose 
groups in stimulating translational editing by ValRS in the presence of threonine 
Analog Substitution Rate of ATP Hydrolysis 
(pmoL/min) 
Relative Rate of ATP 
Hydrolysis 
Adenosine 292 (1.0) 
AdenosinCoM -8.0 -0.03 
Adenosineoxa-rcd -1.3 -0.004 
Adenosine 
Periodate-Methylamine-
Borohydride Treated 
-9.6 -0.03 
No tRNA -3.7 -0.01 
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Finally, treatment of oxidized tRNA^°' with methylamine and borohydride chemically and 
structurally modifies the 3-terminal ribose of tRNA^"' abolishing its aminoacylation (Figure 
7 and Table 4) and editing-stimulatory activity (Figure 21 and Table 23). Modifying the 3'-
terminal ribose of E. coli tRNA^"' chemically and structurally can significantly affect VaIRS 
recognition of the tRNA in aminoacylation and editing. 
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DISCUSSION 
Recognition of E. coii tRNA^'' in Aminoacylation 
Identity Switching Experiments with E. coli tRNA"' 
The accuracy of aminoacylation is dependent upon the correct selection of tRNA and 
amino acid substrates by aminoacyl-tRNA synthetases. Our laboratory has identified 
tRNA^"' recognition nucleotides and excluded other potential recognition sites for VaIRS by 
converting E. coli tRNA'^^ E. coli tRNA'"^, and yeast tRNA™*^ into viable substrates for 
aminoacylation by VaIRS (Liu et al., 1997; Horowitz et al., 1999). To extend these 
experiments, E. coli tRNA"*^ was converted into a viable substrate for aminoacylation by 
VaIRS. 
The wild-type tRNA"*"* isoacceptor with a GAU anticodon is a poor substrate for 
VaIRS (Table 2). Replacing U36 with C36 yields tRNA"" with the valine anticodon 
recognition nucleotides required for aminoacylation by VaIRS. This tRNA"" variant is 
aminoacylated with valine at a rate 5 percent that of wild-type tRNA^"' (Table 2). E. coli 
tRNA"" (GAC) was converted to an efficient substrate for VaIRS only after replacing the 
entire tRNA"" anticodon stem with that of tRNA^"', in addition to converting U5;G68 to 
U5;A68 and U20U20a to G20 (Table 2). Like E. coli tRNA"", E. coli tRNA'''^" required 
replacement of the phenylalanine anticodon stem with that of tRNA^"' for efficient 
aminoacylation by VaIRS (Horowitz et al., 1999). E. coli tRNA"" and E. coli tRNA™" have 
G;C rich anticodon stems. Previous studies have demonstrated that increasing the G.C 
content of the tRNA^"' anticodon stem, by changing the U29; A41 base pair to C29:G41, can 
decrease valine accepting activity of the tRNA molecule (Horowitz et al., 1999). This is 
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likely due to the five consecutive C;G base pairs in the anticodon stem. The stabih'zing 
efTects of G:C base pairs in the anticodon stem may have negative effects on VaIRS 
recognition of tRNA^^'. Fukai et al. (2000) have shown that the anticodon stem is unwound 
in the crystal structure of the Thermus ihermophilus ValRS/tRNA^"' complex. Therefore, the 
stabilizing effects of the G:C base pairs in the anticodon stems of E. coli tRNA"""" and E. coli 
tRNA* '"' may inhibit their productive recognition by ValRS. 
Studies have also shown that the sequence of the anticodon stem of a tRNA can 
dictate the conformation of the anticodon loop (Wrede et al., 1979). Inserting the valine 
anticodon stem into E. coli tRNA"*^ may induce conformational changes in the anticodon 
loop of the noncognate tRNA needed for VaIRS recognition. The most important E. coli 
ValRS recognition elements are the anticodon nucleotides A35 and C36 (Horowitz et al., 
1999). In the T. thermophilus tRNA^^WalRS crystal structure, the anticodon loop of 
tRNA^''' is unstacked, and the bases A35 and C36 specifically interact with the ValRS 
anticodon binding domain (Fukai et al., 2000). Inserting the valine anticodon stem into E. 
coli tRNA""*' may produce structural changes in the anticodon loop essential for VaIRS 
recognition of the A35 and C36 anticodon nucleotides. 
E. coli tRNA"*"' has a G:U wobble base pair in the acceptor stem at positions 5 and 68. 
VaIRS recognition of E. coli tRNA^"' is sensitive to distortions in the acceptor helix brought 
about by a G:U wobble base pair inserted at or near the U4;A69 base pair of tRNA^"' (Liu et 
al., 1997). The adverse effects of a G:U base pair on VaIRS recognition of tRNA^"' have 
been investigated at every base pair in the acceptor stem except the 5:68 base pair. 
Removing the G;U base pair in E. coli tRNA*'"^ at position 5 and 68 significantly improves 
the activity of the noncognate tRNA in aminoacylation (Table 2). This suggests that 
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maintaining the regular A-type helix geometry at the 5:68 base p»ir of the acceptor stem is 
also important for the productive recognition of E. coli tRNA^°' by ValRS. 
Identity switch experiments with E. coli tRNA"*^ also confirmed the importance of 
position 20 in ValRS recognition. Converting U20U20a to G20 in E. coli tRNA"'^(GAC) 
(containing the valine anticodon stem) improves its aminoacylation activity to 45 percent that 
of wild-type tRNA^^' (Table 2). Changing U20U20a to G20 in tRNA"'*' (GAC) (with the 
valine anticodon stem and A68) also significantly increases the aminoacylation activity of the 
noncognate tRNA (Table 2). Previous studies demonstrated that nucleotide substitutions of 
G20 in E. coli tRNA^"' result in a 3-4-fold decrease in aminoacylation efficiency (Horowitz 
et al.^ 1999). These results proved to be consistent with the recently reported T. thermophilus 
ValRS/tRNA^"' crystal structure, where the synthetase was shown to specifically recognize 
position 20 of the D-loop of tRNA^"' (Fukai el al., 2000). Position 20 clearly plays an 
important role in tRNA^"' recognition by ValRS. 
The studies on E. coli tRNA^"' and the identity switch experiments, with E. coli 
tRNA"*"", E. coli tRNA*''"'", E. coli tRNA'^'^, and yeast tRNA*''"', have revealed an extensive set 
of sequence and structural elements essential for aminoacylation of tRNA^"' by ValRS. 
Nucleotides, A35 and C36, are major contributors to tRNA^"' recognition. The nucleotides 
G20 (in the D-loop), A73 (the discriminator base) and G45 (in the variable loop) are also 
recognized by ValRS in aminoacylation. An undistorted acceptor helix, especially around 
the base pair, 4:69, is also essential for proper recognition of E. coli tRNA^"' by ValRS. 
Finally, structure of the anticodon stem of tRNA^"' plays a role in ValRS recognition; mutant 
tRNAs with G;C rich anticodon stems are poor acceptors of valine. 
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Recognition of the Functional Groups of the 3-Terminal Adenosine of £". coU tRNA^** 
in Aminoacvlation 
Base Analogs 
For productive interaction of tRNA^"' with ValRS, the 3'-terminal adenosine of the 
tRNA must be properly positioned at the aminoacylation site. Evidence indicates that 
substitution of the 3'-terminal adenosine of E. coli tRNA^"' with cytidine or uridine produces 
tRNAs that are active in accepting valine (Liu and Horowitz, 1994; Figure 6 and Table 3). 
Some variability in the extent of aminoacylation of valine tRNAs terminating in 3'-
pyrimidines has been observed (compare results in this study with those of Liu and Horowitz 
(1994) and Liu et al. (1997)). The reasons for this are not clear, but different ValRS 
preparations were used in these studies. 
A. coli tRNA^"' terminating with guanosine is a poor substrate for ValRS, having an 
aminoacylation efficiency 100 times lower than wild-type tRNA^^' (Liu and Horowitz, 1994; 
Figure 6 and Table 3). Comparisons of the nucleoside structures of adenosine, cytidine, 
uridine, and guanosine reveals that A, C, and U have similar patterns of hydrogen bond donor 
(d) and acceptor (a) groups, whereas G does not (Liu and Horowitz, 1994; Figure 23). This 
commonality may explain why cytidine and uridine, but not guanosine, can functionally 
substitute for the 3'-terminal adenosine of tRNA^"'. Interchanging the functional groups of 
guanosine, as in isoguanosine (2-keto, 6-aminopurine), produces a nucleoside analog 
resembling adenosine in having an a*d pattern of hydrogen bond donor and acceptor groups 
(Figure 23). E. coli tRNA^"' terminating with isoguanosine is moderately active in 
aminoacylation, having 17 percent of the aminoacylation activity of wild-type tRNA^'*' 
(Figure 6 and Table 3). This is 17 times the aminoacylation activity of guanosine substituted 
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tRNA^'*', thus supporting the hypothesis that the a*cl hydrogen bonding pattern in the 3'-
terminal base of tRNA is important for VaIRS function. 
In the crystal structures of T. thermophilm PheRS and yeast AspRS complexed with 
their cognate tRNAs, the Nl ring nitrogen and N6-amino group of the universally conserved 
3'-terminal adenosine of tRNAs was found to interact with the proteins through hydrogen 
bonding (Goldgur ei al., 1997; Cavarelli e( al., 1994). However, in the recognition of 
tRNA^'"' by VaIRS, the N6 functional group of the 3'-terminal adenosine is not essential. 
This was demonstrated by the observation that E. coli tRNA^"' substituted with purine 
riboside, which lacks the exocyclic amino group (N6), retains almost full aminoacylation 
activity (Figure 6 and Table 3). These results suggest that the hydrogen bond accepting 
ability of the Nl ring nitrogen is important for ValRS/tRNA^®' interactions in 
aminoacylation. This conclusion is supported by the results with tRNAs terminating in 
inosine, xanthosine, and guanosine (Table 3 and Figure 6). Each of these bases exists in a 
tautomeric form in which the Nl is protonated (Figure 6); each of these tRNAs is poorly 
aminoacylated by VaIRS (Table 3 and Figure 6). 
An amino group at position 2 of the 3'-terminal purine is inhibitory to 
aminoacylation. Guanosine, 2,6-diaminopurine, and 2-aminopurine each have an exocyclic 
2-amino group (Figure 6). E. coli tRNA^^'s terminating with these bases are poor substrates 
for aminoacylation by VaIRS (Figure 6 and Table 3). Clearly, these results suggest an 
exocyclic 2-amino group has an adverse effect on synthetase recognition of the 3'-terminal 
position in aminoacylation. The greater activity of tRNA^"' terminating in inosine compared 
to that with a 3'-terminating guanosine may thus be due to the absence of a 2-amino group in 
the former (Figure 23). 
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A keto substituent at position 2 may also hinder aminoacylation as evidenced by the 
lower aminoacylation activity of tRNA^®' terminating in isoguanosine (has a 2-keto group) 
compared to that terminating in adenosine (no keto group at position 2). Therefore, a 2-
exocyclic group (a keto group or amino group) interferes with synthetase recognition of the 
76 position of tRNA^"' in aminoacylation. 
The N7 and N3 ring nitrogens of the 3'-terminal adenosine are not essential for 
aminoacylation of E. coli tRNA^"' by ValRS. 7-DeazaA and 3-deazaA have their N7 or N3 
ring nitrogens replaced by carbon. E. coli tRNA^"' terminating with 7-deazaA or 3-deazaA is 
active in aminoacylation (Figure 6 and Table 3). 
Sugar Analogs 
To further study the functional group requirements of the 3'-terminal adenosine of E. 
coli tRNA^"' for ValRS recognition, nucleotides with modified sugars were inserted into the 
76 position of the tRNA molecule. ValRS fully aminoacylates E. coli tRNA^'*' terminating 
with 3'-deoxyadenosine (Table 5) as expected from results showing that ValRS esterifies the 
2'-hydroxyl group of tRNA^"' (Hecht and Chinault, 1976). However, the rate of 
aminoacylation of this tRNA is only 17 percent that of wild-type tRNA^"', suggesting that the 
3'-hydroxyl group of tRNA^"' is recognized by ValRS in aminoacylation (Figure 7 and Table 
5). 
Surprisingly, trichloroacetic acid-precipitable radioactive valine is observed when 
aminoacylation reactions are carried out with tRNA^"' variants terminating in 2'-
deoxyadenosine or 2',3'-dideoxyadenosine (Figure 7 and Table 5). Previous studies have 
shown that several aminoacyl-tRNA synthetases covalently attach amino acids to numerous 
lysine residues throughout their protein sequence (Gillet et al., 1997; Alexander and 
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Schimmel, 2000). Radioactive valine detected in aminoacylation reactions with 2'-deoxyA76 
and 2',3'-dideoxyA76 tRNA^^' vanants is not due to valine incorporation into ValRS. After 
treating these aminoacylation products with RNase, alkaline pH, or hot trichloroacetic acid 
(TCA) (95°C), conditions that destroy the tRNA, no trichloroacetic acid precipitable 
radioactive valine was detected. The reasons for incorporation of valine into a TCA-
precipitable form are not clear; this may be due to contamination of the deoxynucleoside 
triphosphates used to prepare the tRNA variants with ATP. Nordin and Schimmel (2000) 
have found that E. coli tRNA^"' terminating with 2'-deoxyadenosine is not aminoacylated 
with valine. 
The role of the 3'-terminal ribose group of E. coli tRNA^'*' was also investigated by 
chemically modifying the 3'-terminal ribose. Oxidation of the 3'-terminal ribose eliminates 
the valine accepting activity of E. coli tRNA^"' (Figure 7 and Table 5). These results are 
consistent with those found by Tal et al. (1972). Moreover, reduction of oxidized E. coli 
tRNA^"' does not restore the valine accepting activity of the tRNA (Figure 7 and Table 5). 
Tal el al. (1972) also showed that oxi-red tRNA^""' does not accept valine, while activity is 
restored to other oxi-red tRNAs. Although the covalent bond between C2 and C3 of the 3'-
terminal adenosine plays a minor role in some tRNA species, it is clearly an important 
element for recognition of tRNA^"' by ValRS in aminoacylation. 
Misacylation of £*. co/i tRNA^** by Valyl-tRNA Synthetase 
Misacvlation of 3-Terminal Variants of E. coli tRNA^** 
Normally, ValRS rapidly deacylates wild-type threonyl-tRNA^"' having an A at the 
76 position (See Introduction). However, E. coli tRNA^"' terminating in a pyrimidine (U or 
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C) is stably misacylated with threonine to the same level as with valine (Table 6). Tamura et 
al. (1994) also reported such misacylation of these tRNA^°' variants, but they found that only 
20-25 percent of the U76 and C76 mutants was misacylated. Conversely, the G76 variant of 
iRNA^'*' is misacylated with threonine only to low levels (Table 6). These aminoacylation 
errors may be attributed to the inability of ValRS to eflFectively deacylate the misacylated 
mutant tRNAs. Threonyl-tRNA^"' terminating in U or C is not deacylated by ValRS, 
whereas threonyl-tRNA''''' terminating with G is slowly deacylated (Figure 9). These results 
suggest that a purine (A or G) is necessary for ValRS-catalyzed editing of threonylated 
tRNA^"'. Replacing the 3'-terminal adenosine apparently influences the binding interactions 
of the tRNA terminus at the editing site of ValRS, interfering with the posttransfer editing 
mechanism. In the crystal structure of T. thermophilus ValRS/tRNA^"' complex, Fukai et al. 
(2000) demonstrated that the editing domain of ValRS specifically recognizes the 3'-terminal 
adenosine of tRNA^^"'. The N1 atom and the 6-NH2 group of the adenosine form hydrogen 
bonds with, respectively, the a-NH and a-CO groups of Glu"*"' at the editing site. The present 
study is consistent with the base specific recognition at the editing site of ValRS of the 3'-
terminal adenosine of tRNA''^' shown in the crystal structure of the ValRS/tRNA^"' complex. 
Misacylation of E. coli tRNA^** with bolcucine 
In 1977, Fersht proposed a double-sieve editing mechanism for aminoacyl-tRNA 
synthetase-sorting of amino acids. According to this theory, the aminoacylation site acts as 
course sieve, activating only those amino acids that are the same size as or smaller than the 
cognate amino acid. The editing site serves as a fine sieve, which hydrolyzes misactivation 
or misacylation products of noncognate amino acids. Isoleucine in one methyl group larger 
than valine, and the double sieve editing theory predicts that ValRS should not misactivate 
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isoleucine. However, our evidence demonstrates that ValRS does slowly misacylate wild-
type E. coli tRNA^'*' with isoleucine (Figure 11 and Table 6). 
Unlike other noncognate amino acids that may be transferred to tRNA^'^ by ValRS, 
isoleucine is not edited through the deacylation of the mischarged tRNA in a posttransfer 
editing reaction (Figure 13). How does ValRS avoid misacylation of E. coli tRNA^"' with 
isoleucine in vivo"? Our results show that ValRS does not misacylate tRNA^®' with isoleucine 
when the valine concentration is at least one-tenth the isoleucine concentration (Figure 12). 
In E. coll, the intracellular concentration of valine is more than five times that of isoleucine 
(Raunio and Rosenqvist, 1970). Therefore, valine outcompetes isoleucine in the 
aminoacylation reaction in vivo. Maintaining the intracellular concentrations of valine and 
isoleucine in E. coli is essential for preventing the misacylation of tRNA^^' with isoleucine. 
Threonyl-tRNA^"' is rapidly deacylated in posttransfer editing by ValRS (Fersht and 
Kaethner, 1976) whereas valyl-tRNA^"' and isoleucyl-tRNA^®' are not or only slowly edited 
by ValRS (Figure 13). How does ValRS selectively discriminate between these aminoacyl-
tRNAs? Clearly, the answer to this question lies in the structures of the amino acids (Owens 
and Bell, 1970). Like valine, isoleucine has two carbon groups on the p-carbon, the third 
carbon from the carboxyl group, whereas threonine has a single carbon group and a hydroxyl 
group (Figure 24). The editing site of ValRS apparently recognizes these diflFerences 
between valine, isoleucine, and threonine before it selectively deacylates threonyl-tRNA^"'. 
a-Aminobutyrate and norvaline differ from valine and isoleucine, respectively, in that they 
have only a single carbon group attached to the P-carbon (Figure 24). E. coli tRNA^"' 
effectively stimulates the translational editing reaction in the presence of a-aminobutyrate 
(Table 9; Owens and Bell, 1970). Furthermore, a-aminobutyrate is transferred to tRNA^"' by 
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VaIRS before it deacylates the mischarged tRNA through the posttransfer editing mechanism 
(Fersht and Dingwall, 1979). Transfer RNA^"' also stimulates the editing reaction in the 
presence of norvaline, although poorly (Table 9; Owens and Bell, 1970). Therefore, the two 
carbon groups attached to the ^-carbon in valine and isoleucine prevent VaIRS from 
deacylating valyl-tRNA^"' and isoleucyl-tRNA^"'. Apparently, VaIRS has evolved an editing 
mechanism that effectively discriminates against its most frequently misactivated amino acid, 
threonine, but does not correct for isoleucine aminoacylation errors. Since valine 
outcompetes isoleucine in the aminoacylation reaction in vivo, there is no need for VaIRS to 
eliminate isoleucine aminoacylation errors. 
Inhibition of Aminoacylation with Mischarged tRNAs 
The failure of VaIRS to deacylate threonyl-U76 tRNA^^' or threonyl-C76 tRNA^^' is 
not due to the inability of the synthetase to bind the mischarged tRNAs. In fact, these 
mischarged tRNAs are noncompetitive inhibitors of tRNA^"' aminoacylation with valine 
(Figure 14 and Table 8). There are other examples of aminoacyl-tRNA synthetases being 
noncompetitively inhibited by modified tRNA substrates. lleRS, a class I synthetase closely 
related to VaIRS, is noncompetitively inhibited by cognate tRNAs with modified 3'-terminal 
ends (Von der Haar and Cramer, 1978). 
Noncompetitive inhibition of tRNA^"' aminoacylation suggests tRNAs may be bound 
by VaIRS at a site other than the aminoacylation site, implying that VaIRS has more than one 
tRNA binding site. The way in which the tRNA inhibitors interact with VaIRS at its tRNA 
binding sites is not entirely clear. Recently, the crystal structure T. thermophilus VaIRS 
complexed with tRNA^"' revealed that VaIRS can form a dimer when each monomeric 
subunit has a tRNA molecule bound to it (Fukai et aL, 2000). The mischarged tRNA^"' 
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inhibitors may inhibit tRNA^"' aminoacylation on one subunit while bound by the other 
subunit of the dimeric ValRS. 
Recognition of E. coii tRNA^** in Translationai Editing 
Function of the 3'-CCA End of £1 coU tRNA^** in Translational Editing 
Base substitution of the 3'-terminal adenosine of E. coli tRNA^^' affects the 
aminoacylation and editing reactions differently, implying the 3'-terminal nucleotide is 
recognized differently in these reactions. Although E. coli tRNA^"' with a U or C at the 76 
position can be aminoacylated efficiently (Liu and Horowitz, 1994; Table 10), these mutant 
tRNAs are unable to stimulate the translational editing reaction (Table 10). These results 
significantly differ from those of Tamura et al. (1994). These authors found that E. coli 
tRNA^"' terminating with U or C stimulate the editing-induced hydrolysis of ATP 25 to 45 
percent as effectively as wild-type tRNA^'*'. The reason for these differences is not clear. 
Universal conservation of the 3'-CCA sequence suggests it is essential for tRNA 
function. Comparison of the aminoacylation and editing activity of 3'-end variants of 
tRNA^"' demonstrates that the cytidines of the conserved 3'-CCA end of tRNA^"' are not 
essential for the editing or aminoacylation reaction (Table 11). The E. coli tRNA^'*' variants 
with U75, A75, U74, A74, and G74 are all good substrates for aminoacylation by VaIRS and 
for translational editing. The G75 mutant is a poor substrate for aminoacylation by VaIRS 
and for editing, having less than 4 percent of the aminoacylation and editing activity of wild-
type tRNA^"*'. 
The crystal structure of T. thermophilus VaIRS complexed with tRNA shows that the 
3'-end of tRNA^"' plays an important role in amino acid selection (Fukai et al, 2000). After 
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tRNA^''' binds to ValRS, the editing domain changes its orientation and a channel opens 
between the aminoacylation and editing sites (Fukai et al., 2000). Misactivated threonine-
AMP can leave the aminoacylation site for the editing site through the opened channel in 
ValRS, where it is hydrolyzed (pretransfer editing). Altematively, the misactivated threonine 
can react with tRNA^^' to form threonyl-tRNA^"' (Fukai et al., 2000). The threonyl moiety 
of threonyl-tRNA ^ '''' is transported from the aminoacylation site to the editing site by a 
conformational change in the 3'-terminal end of the mischarged tRNA (Fukai et al., 2000). 
Then, the editing domain changes its orientation, and while holding the 3'-CCA end of 
threonyl-tRNA^'*', ValRS deacylates the mischarged tRNA (Fukai ei al. 2000). A similar 
conformational change in the 3'-terminal end of tRNA"^ was observed during IleRS shuttling 
of mischarged tRNA"" between the aminoacylation and editing sites (Silvian et al., 1999). 
The structure of T. thermophilus ValRS shows that the editing site contacts C74 and C75, but 
the 3'-terminal adenosine is more specifically recognized by the editing domain (Fukai et al., 
2000). Our evidence indicates the editing site of E. coli ValRS may recognize the 3'-CCA 
end of tRNA^"' in a similar fashion. 
The discriminator base (A73) is conserved in ail bacterial valine tRNAs and has been 
shown to be of some importance in ValRS recognition (Tamura et al., 1991; Horowitz et al., 
i 999). Replacement of A73 with U or C produces tRNA^"' variants that are good substrates 
for ValRS in editing (ATP hydrolysis) and aminoacylation (Table 11). However, replacing 
A73 with G73 yields tRNA^"' mutants that are poor substrates in aminoacylation and editing 
(Table 11). These results suggest that ValRS discriminates against tRNAs that contain G at 
the discriminator base in both its aminoacylation and editing functions. 
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Truncated tRNAs, tRNA^®' (-ACCA) and tRNA^®' (-CCA), are not aminoacylated by 
ValRS nor do they stimulate the hydrolysis of ATP, the sum of pre- and posttransfer editing 
(Table 11). However, both of these truncated tRNAs are bound by VaIRS since they inhibit 
the aminoacylation of tRNA^"' (Table 8) and editing (ATP hydrolysis) (Figure 17). 
Function of VaIRS Recognition Nucleotides in Tninslational Editing 
E. coli tRNA^"' Variants 
Several elements of E. coli tRNA^®' have been determined to be essential for 
recognition of tRNA in aminoacylation (Tamura et a!., 1991; Chu et ai, 1991; Liu, 1995; 
Liu, 1997; Horowitz et al, 1999). The two anticodon nucleotides, A35 and C36, of tRNA^®' 
are the major synthetase recognition determinants for aminoacylation. In addition, the D-loop 
nucleotide, G20, the variable loop nucleotide, G45, and the discriminator base, A73, serve as 
minor recognition elements. The results presented in this study show base substitutions for 
the aminoacylation recognition nucleotides have similar effects on both the aminoacylation 
and editing reactions (Tables 11-14). This indicates that the tRNA^®' nucleotide recognition 
requirements of VaIRS may be the same for the aminoacylation and editing reactions and 
suggests that at least the majority of editing occurs by the posttransfer route. 
VaIRS recognition of E. coli tRNA^°' depends not only on specific recognition 
nucleotides, but also on specific structural features of the molecule. Recognition of tRNA^"' 
by VaIRS is sensitive to the G;C content of the anticodon stem (Horowitz et al., 1999). 
Converting the LJ29;A41 base pair to C29;G41 reduces the activity of tRNA^°', producing a 
poor substrate for VaIRS in aminoacylation and editing (Table 15). Furthermore, VaIRS 
recognition of tRNA^°' is sensitive to the negative effects of G:U base pairs on acceptor helix 
structure in the vicinity of the 4:69 base pair (Liu et al., 1997). Inserting a G;U base pair in 
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place of the U4; A69 base pair of tRNA^"' has an adverse affect on VaIRS recognition of the 
mutant tRNA in aminoacyiation and in editing (Table 15). As with the tRNA^®' 
aminoacyiation nucleotide requirements, the structural features of tRNA^''' essential for 
VaIRS recognition in aminoacyiation are also essential for VaIRS recognition in translational 
editing. 
Because Hale et al. (1997) reported that nucleotides in the D-loop of E. coli tRNA''""" 
are essential for stimulating the editing activity of IleRS but not for aminoacyiation (see 
Introduction), modifications in the D-loop of tRNA^"' were explored to determine their role 
in VaIRS recognition in translational editing. The D-loops of the minor E. coli tRNA^'*' 
isoacceptors, tRNA2^''' (GAC) and tRNAS"^"' (GAC), differ from that of tRNA 1 (UAC) at 
fxjsitions 16 and 20, having U16 and U20U20a in place of C16 and G20 (Figure 5). 
Transplanting the D-loop of the minor valine isoacceptors into tRNAl^"' yields a tRNAl^'*' 
variant that is a good substrate for VaIRS, having 60 percent and 54 percent the 
aminoacyiation and editing activity, respectively, of wild-type tRNAl^""' (UAC) (Table 16). 
The D-loop of E. coli tRNA"*^ resembles those of the minor valine isoacceptors, 
differing only in having 016 instead of U16 (Figure 5). tRNA^"' variants with the tRNA"" 
D-loop sequence are also quite active in accepting valine and stimulating the editing reaction 
(Table 19). Furthermore, a variant of E. coli tRNA*^*^ that has U16 and CI 7 in place of the 
C16 and U17 of/:', coli tRNA^®* (Figure 18) is a good substrate for VaIRS being as active as 
wild-type tRNA^"*' in aminoacyiation and in stimulating editing (Table 17). Other 
nucleotides in the D-loop that have not been tested for their role in editing are conserved or 
semi-conserved nucleotides in E. coli tRNAs. Clearly, the D-loop of tRNA^"' does not have 
any unique translational editing recognition elements required by ValRS. 
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Noncognate tRNA^"' Variants 
By inserting the synthetase recognition nucleotides required for aminoacylation of 
tRNA^^"' into the framework of noncognate tRNAs, the importance of several nucleotides in 
tRNA^"' for stimulating translational editing were tested. Insertion of C36, G20, and G45 
into /:. coli tRNA'''**^ produces a tRNA that is inactive in both aminoacylation and editing 
(Table 17). Swapping the phenylalanine anticodon arm for the valine anticodon arm in the 
tRNA*''"'" framework (with the aminoacylation recognition nucleotides C36 and G20 present) 
improves aminoacylation efficiency to 37 percent that of wild-type tRNA^'^ with no 
improvement in editing efficiency (Table 17). Introducing a U45 to 045 mutation into this 
tRNA''*'"'variant fully restores both the aminoacylation and editing activities to those of wild-
type iRNA^"' (Table 17). Base changes involving G45 in tRNA^^' affect the aminoacylation 
and editing activities to the same degree (Table 14). However, in the absence of G45 in 
tRNA*'''''", the editing activity is low, whereas aminoacylation is moderate (Table 17). 
Position 45 in the variable loop of tRNAs is involved in a tertiary interaction (base triple) 
with GI0;C25 of the D-arm. Placing G45 into tRNA'''"^ may induce structural changes in the 
noncognate tRNA essential to trigger the ValRS-catalyzed translational editing reaction. 
Placing the aminoacylation recognition nucleotides of tRNA^^' into E. coli tRNA"^'" 
does not enhance its aminoacylation or editing efHciencies (Table 20). However, removal of 
the G3;U70 wobble base pair in the acceptor stem of tRNA"^" returns the aminoacylation and 
editing-stimulatory activity of the tRNA'^ variant to wild-type tRNA^^' levels (Table 20). 
Similar identity swap experiments using E. coli tRNA"*"" substantiate the importance of the 
anticodon arm and acceptor helix of tRNA^"' for the productive recognition by VaIRS in both 
the aminoacylation and editing reactions (Table 18). However, as in our studies with E. coli 
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tRNA'''""", we were unable to identify any unique transiational editing recognition 
requirements for VaIRS in experiments using E. coli tRNA'^'^ and E. coli tRNA"' 
A large number of tRNA^"' mutants and noncognate tRNA mutants were tested for 
their ability to stimulate the editing reaction. The results show a close correlation between 
the capacity to accept valine and the ability to stimulate the editing reaction. This suggests 
that transiational editing by ValRS occurs largely after transfer of the threonine from 
threonyl-AMP to the tRNA (posttransfer editing). 
Furthermore, our evidence indicates that the 76 position of E. coli tRNA^"' is the only 
nucleotide in the tRNA molecule recognized differently by ValRS in the aminoacylation and 
editing reactions, suggesting that the 3'-terminal adenosine of tRNA^®' is specifically bound 
by the editing site of ValRS. If ValRS catalyzed transiational editing occurs primarily 
through posttransfer editing, then the 3'-end of misacylated tRNA^"' must be translocated to 
the editing site of the synthetase where position 76 of the tRNA is specifically recognized 
before the mischarged tRNA is deacylated. The crystal structure of the T. thermophilus 
ValRS/tRNA^''' complex is in agreement with this model for transiational editing (Fukai ei 
al., 2000). 
Role of the Functional Groups of the 3-Terminal Adenosine of tRNA^** in 
Transiational Editing 
Base Analogs 
Our results indicate that a purine (A or G) at the 3'-end of E. coli tRNA^"' (position 
76) is necessary for tRNA to stimulate editing by ValRS (Figure 9 and Table 10). E. coli 
tRNA^"' terminating with pyrimidines (U or C) does not stimulate the editing reaction (Table 
10). Comparison of the nucleoside structure of adenosine, guanosine, cytidine, and uridine 
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reveals that A and G share potential hydrogen bond accepting groups in the N7 and N3 ring 
nitrogens which are absent in C and U (Figure 25). To test the importance of these functional 
groups in synthetase recognition of the 3'-terminal adenosine of tRNA^°' in the editing 
reaction, 7-deazaadenosine and 3-deazaadenosine were inserted at position 76 of E. coli 
tRNA^"'. Transfer RNAs terminating in 7-deazaA or 3-deazaA retain almost full editing-
stimulatory activity compared to wild-type tRNA^°' (Figure 20 and Table 21), indicating the 
N7 and N3 ring nitrogens are not essential for ValRS recognition of the 3-terminal adenosine 
in the editing reaction. 
Purine riboside substituted tRNA is also active in stimulating editing (Figure 20 and 
Table 21). Since purine riboside lacks the N6 exocyclic group, the N6 functional group of 
the 3'-terminal adenosine of E. coli tRNA^"', like the N7 and N3 functional groups, is not 
essential for recognition by ValRS in translational editing. 
Replacing the 6-NH2 group of adenosine with a keto group (inosine) decreases both 
the aminoacylation and editing activities of the tRNA. This tRNA fails to stimulate the 
editing activity of ValRS (Table 21), but retains some ability to accept valine (Table 3). In 
fact, tRNA^"' terminating in inosine is misacylated with threonine to a level of 153 pmol/Aieo 
(Table 21). The low editing activity and misacylation of inosine-substituted tRNA suggests 
the keto group (06) and/or the Nl- proton of inosine adversely affect ValRS recognition of 
the 3'-terminal base in the translational editing reaction (Figure 20 and Table 21). In the 
crystal structure of T. thermophilus ValRS complexed with tRNA^^"', the 3'-CCA region of 
the tRNA molecule is held by the editing site of the enzyme (Fukai et a!., 2000). The 
structure specifically indicates that T. thermophilus ValRS hydrogen bonds with the Nl ring 
nitrogen and 6-amino group of the 3'-terminal adenosine of tRNA^"' (Fukai ei al., 2000). 
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Inosine has a hydrogen bond donor group in the N1-proton and a hydrogen bond acceptor in 
the 06-keto group. Adenosine has the opposite hydrogen-bonding pattern at the N1 and N6 
positions. TTie pwor editing activity of E. coli tRNA^"' terminating in inosine suggests that 
ValRS requires hydrogen bonding interactions with the N1 and N6 functional groups of the 
3'-terminal base of tRNA^''^ Because purine riboside-substituted tRNA^"' is active in 
stimulating the editing reaction, it seems that H-bond acceptor capability at the Nl position is 
especially important. 
An amino group at position #2 of purines, in guanosine, 2-aminopurine, and 2,6-
diaminopurine, interferes with both the aminoacylation and editing-stimulatory activities of 
VaIRS (Figure 20 and Table 21). Substituting E. coli tRNA^"' with 2-aminopurine produces 
a tRNA mutant that is somewhat (11%) active in aminoacylation (Figure 6 and Table 3), but 
is inactive in stimulating translational editing (Figure 20 and Table 21). 2-Aminopurine 
substituted tRNA is also stably misacylated with threonine to a level of429 pmol/A26o (Table 
21). The 2,6-diaminopurine-substituted tRNA^"' retains appreciable (25%) editing activity 
(Figure 20 and Table 21), but is inactive in accepting valine (Figure 6 and Table 3). 
Isoguanosine has a keto group at position 2 (and an amino group at position 6). E. 
coli tRNA'^'*' terminating with isoguanosine is a better substrate for aminoacylation than 
tRNA^"' terminating in guanosine (Figure 6 and Table 3) and is more active in stimulating 
the editing activity of VaIRS (Figure 20 and Table 21). The lower activity of this tRNA 
compared to wild-type tRNA, which terminates in adenosine (6-aminopurine), indicates that 
a keto group at position 2 is inhibitory to both reactions. 
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Sugar Analogs 
To further investigate the role of the 3'-terminal nucleotide of tRNA^""' in translational 
editing, nucleotides with modified sugars were inserted into the 3'-terminal position. E. coli 
tRNA^''' terminating with 3'-deoxyadenosine has 17 percent the aminoacylation activity of 
wild-type tRNA^"*' (Figure 7 and Table 5), but this tRNA^'"' mutant does not stimulate the 
translational editing reaction (Figure 21 and Table 22). Furthermore, the 3'-deoxyA76 
mutant can be misacylated with threonine to a level of408 pmol/A26o (Table 22), and the 
misacylated mutant tRNA is only slowly deacylated by ValRS (Figure 22). Nordin and 
Schimmel (2000) reported similar results. Clearly, these results show that the 3'-hydroxyl 
group of A76 is an important recognition element for ValRS in translational editing. 
Chemical modification of the 3'-terminal ribose of tRNA^^' results in the elimination 
of the aminoacylation (Figure 7 and Table 5) and editing-stimulatory (Figure 21 and Table 
24) activities of the tRNAs. E. coli tRNA^^'s terminating in adenosineo^i and adenosineoxi-rva 
are not aminoacylated by ValRS nor do they stimulate the translational editing reaction. 
These results indicate the covalent bond between C2 and C3 of the 3'-terminal adenosine 
plays an important role in ValRS/tRNA interactions in aminoacylation and translational 
editing. Furthermore, these results provide additional evidence that misactivated threonine is 
transferred to tRNA^^' before it is deacylated from the tRNA molecule in posttransfer 
editing. 
Taken together, our study demonstrates that the 3'-terminaI adenosine of tRNA^''' is 
monitored in both the aminoacylation and editing-stimulatory reactions. The A at position 76 
of tRNA^"' is the only nucleotide found to be specifically recognized by ValRS in the 
translational editing reaction. These result suggests that after tRNA^"' is misacylated, the 3'-
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end of the mischarged tRNA is transferred to the editing site where the 3'-terminal adenosine 
of tRNA^^' is specifically recognized before posttransfer editing. 
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